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Sir: 

I, YUNG-FU CHANG, Ph.D. do declare that: 

1 . 1 am the inventor of the invention disclosed and claimed in the above-identified 
patent application. A copy of my curriculum vitae is attached as Exhibit 1 . 

2. I am a Professor of Population Medicine & Diagnostic Sciences at the College of 
Veterinary Medicine of Cornell University. The Cornell Research Foundation, Inc., a not- 
for-profit affiliated corporation of Cornell University, is the assignee of the above-identified 
patent application. 
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3. I have read and understood the above-identified patent application and the Office 
Action dated January 24, 2005 ("Office Action") issued in connection therewith. 

4. I understand that the above-identified application is a continuation-in-part 
application of prior application Serial No. 09/358,322, filed July 21, 1999 (now abandoned). 
I understand that the claimed priority dates are July 21,1 999 and November 2, 2001 . 

5. I understand that in the Office Action, the Examiner rejected pending claims 1, 2, 
5-1 1, 26-3 1 and 47-50 (Exhibit 2) under 35 U.S.C. 1 12, first paragraph, as allegedly not 
enabled by the specification as filed. The Examiner particularly contends that the 
specification does not enable an artisan to make and use the Ehrlichia canis genes and 
vaccines of the invention because: 

(a) *the art of gene therapy, in particular the delivery of a DNA vaccine 
which encode[s] undefined immunogenic epitopes, is highly unpredictable as recognized in 
the prior art," and 

(b) "the specification as filed does not provide sufficient guidance, 
evidence and exemplification as to how an artisan would have carried out the claimed 
methods for expression of any of the specific cloned genes from £, canis, wherein the 
encoded protein stimulates the appropriate immune response such that a prophylactic effect is 
achieved in said subject." Office Action, page 6. 

6. I am making this declaration to explain that as of the earliest claimed priority date 
of the above-identified application, a skilled artisan could have used the teachings of the 
specification, coupled with routine methods and knowledge in the art, to practice the claimed 
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invention recited in claims 1, 2, 5-1 1, 26-31 and 47-50 without undue experimentation. 
Furthermore, as of the earliest claimed priority date, a skilled artisan would have been able to 
use the methods set forth in the specification to routinely determine which of the five 
disclosed open reading frames (ORPs), as recited in claim 1 sections (a)-(e) are detectable by 
antisera used in the isolation of the genomic fragment, and therefore, used to practice the 
invention. 

7. Pending claims 1, 2, 5-1 1, 26-31 and 47-50 (Exhibit 2) are drawn to certain 
embodiments of the invention, specifically: a recombinant DNA (claim 1, claim 2 depending 
therefrom, claim 47, claim 49 depending therefrom); a vaccine that protects dogs against E, 
canis infection (claim 5); a vaccine comprising a vector capable of expressing a recombinant 
DNA inserted into said vector (claim 6, claims 7-1 1 depending therefrom); a method of 
creating a vaccine against Ehrlichia canis (claim 26, claims 27-3 1 depending therefrom); and 
a vector capable of expressing a recombinant DNA (claim 48, claim 50). As detailed below, 
as of the earliest claimed priority date of the application, a skilled artisan, armed with the 
teachings of the specification and using routine experimentation and screening methods 
known in the art, could have determined, without undue experimentation, which protein 
epitope or which of the five proposed open reading frames encodes a protein that reacts with 
the antisera used in the isolation of the genomic fragment. A skilled artisan could also have 
obtained, without undue experimentation, useful protein epitopes or immunoreactive proteins 
with which to practice the claimed invention. 

8. It should be noted that using methods disclosed in the instant specification and 
routine methods known in the art, Teng et al. (2003a, Cloning and characterization of an 
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Ehrlichia canis gene encoding a protein localized to the morula membrane. Infect. Immun. 
71(4): 2218-2225; Exhibit 3) determined that one of the ORFs disclosed in the instant 
specification, mmpA (erlichial morula membrane protein A) can be used for the production 
of a putative E. canis vaccine. Specifically, the gene encoding MmpA was cloned by 
screening an Ehrlichia canis expression library with convalescent dog sera, and isolating 
three positive clones. Sequence analysis of the insert DNAs from all three clones indicated an 
open reading frame with a size of 666 bp that encodes MmpA. The structural analysis of 
MmpA indicated that it is a transmembrane protein with extreme hydrophobicity, making it a 
good candidate for a protein that possibly mediates bacterium-host cell interaction during E. 
canis infection. Southern blot analysis of the Hindlll-digested chromosomal DNA 
demonstrated the presence of a single copy of the MmpA gene in E. canis and Ehrlichia 
chaffeensis but not in the human granulocytic ehrlichiosis agent. Using routine methods in 
the art, the mmpA gene was amplified, cloned, and expressed as a fusion protein. Polyclonal 
antibodies to the recombinant protein (rMmpA) were raised in rabbits. Western blot analysis 
ofE. canis and E. chaffeensis ly sates with the anti-rMmpA serum resulted in the presence of 
an MmpA band only in E, canis, not in E. chaffeenesis. Sera from dogs which were either 
naturally or experimentally infected with E, canis recognized the recombinant protein. 
Double immunofluorescence confocal microscopy studies demonstrated that MmpA was 
localized mainly on the morula membrane of E, canis. Since the morula membrane is the 
interface between the ehrlichial growing environment and the host cytoplasm, it was 
concluded that MmpA plays a role in bacterium-host cell interactions during E. canis 
infection and can therefore be used for the production of a vaccine. 
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9. Furthermore, it should be noted that using methods disclosed in the instant 
specification and routine methods known in the art as of the earliest claimed priority date, 
Teng et al. (2003b, Cloning and characterization of putative zinc protease genes of Ehrlichia 
canis, DNA Sequence 14(2): 109-121; Exhibit 4) determined that two additional ORFs 
disclosed in the instant specification, ProA and ProB, code for proteins that are expressed in 
E. canis and that can be used in making an E. cants vaccine. Specifically, ProA and ProB 
were determined by routine methods to be putative zinc protease genes encoded by a putative 
zinc protease gene operon. Routine BLAST analyses determined that ProA and ProB share 
20-30% identities with members of the eukaryotic mitochondrial processing peptidase (MPP) 
subfamily, which are heterodimers containing alpha and beta subunits. The subunits share 
20% of identity, but only MPP-beta contains a conserved zinc-binding motif, His-Xaa-Xaa- 
Glu-His (HXXEH). proA and proB were also found to be detectable in E. canis and Ehrlichia 
chaffeensis, but not in Anaplasma phagocytophila. 5 -RACE revealed that the 5' end of the 
proA mRNA is- heterogeneous, containing additional adenine residues that may be directed 
by pseudo-templated transcription. Although ProA was identified in both E. canis and E, 
chaffeensis^ ProB was detected only in E. canis, ProA and ProB were both detectable in E, 
canw-infected DH82 cells, demonstrating that the ORFs are transcribed and translated into 
ProA and ProB proteins. Sera from dogs, which were either naturally or experimentally 
infected with E. canis, recognized both the recombinant protein antigens. 

10. Furthermore, as of the earliest claimed priority date, it would have been routine 
for a skilled artisan, armed with the methods disclosed in the instant specification and routine 
methods known in the art, to determined that proteins encoded by the proposed open reading 
frames produce a prophylactic immune response to £. canis infection as encompassed by 
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claims 1, 2, 5-1 1 and 26-3 1 and 47-50. Using the methods disclosed in the instant 
specification and routine methods known in the art as of the earliest claimed priority date, 
Teng et ai. 2003a (Exhibit 3) and Teng et al. 2003b (Exhibit 4) determined which proteins (or 
parts of proteins) contain immunogenic epitopes. 

Double immunofluorescence confocal microscopy studies conducted by Teng et al, 
2003a demonstrated that MmpA was localized mainly on the morula membrane of E. canis, 
interface between the ehrlichial growing environment and the host cytoplasm. 

Studies conducted by Teng et al. 2003b provide further confirmation of the example 
disclosed at page 1 1, line 27 to page 12, line 2 of the specification, which shows that ProA 
and ProB can serve as target antigens for a DNA vaccine. Teng et al. 2003b showed that E. 
canis expresses ProA and ProB in dogs that are naturally infected through tick bites or 
artificially infected by IV inoculation of E. canis-infected DH82 cells, since sera from 
experimentally or naturally E. canis-infected dogs recognized both r (recombinant) ProA and 
rProB. In addition, dog anti-E.canis serum detected ProA and ProB in E. canis-infected 
DH82 cells in Western blot and indirect immunofluorescent assays. These results 
demonstrate clear connections between the MmpA, ProA and ProB ORFs and protein 
epitopes that are recognized by the antisera from dogs infected with E, canis. The results 
also demonstrate that the encoded proteins from these ORFs could serve as potential vaccines 
for^. canis infection. The antigenicity and general expression of the MmpA, ProA and ProB 
proteins also demonstrate that these three proteins can serve as good tools for serodiagnosis 
of E. canis infection. 

11. It should also be noted that methods disclosed in the instant specification, along 
with routine methods known in the art, have been used to demonstrate in other species (e.g., 
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horses) a clear connection between a potential open reading frame and a protein epitope that 
is recognized by an antisera from an infected subject (Palaniappan et al., 2002, Cloning and 
molecular characterization of an immunogenic LigA protein of Leptospira interrogans^ 
Infect. Immun. 70(1 1): 5924-5930; Exhibit 5). Palaniappan et al. isolated a clone expressing 
a novel immunoreactive leptospiral immunoglobulin-like protein A of 130 kDa (LigA) from 
Leptospira interrogans serovar pomona type kennewicki by routine screening a genomic 
DNA library with serum from an infected mare. LigA was demonstrated to be encoded by an 
open reading frame of 3,675 bp, and the deduced amino acid sequence consists of a series of 
90-amino-acid tandem repeats. A search of the NCBI database found that homology of the 
LigA repeat region was limited to an immunoglobulin-like domain of the bacterial intimin 
binding protein of Escherichia coli, the cell adhesion domain of Clostridium acetobutylicum, 
and the invasin of Yersinia pestis. Secondary structure prediction analysis indicated that LigA 
consists mostly of beta sheets with a few alpha-helical regions. No LigA was detectable by 
immunoblot analysis of ly sates of the leptospires grown in vitro at 30°C or when cultures 
were shifted to 37**C. Immunohistochemistry on kidney from leptospira-infected hamsters, 
however, demonstrated LigA expression. These findings suggest that LigA is specifically 
induced only in vivo. Sera from infected horses strongly recognize LigA. LigA is the first 
leptospiral protein described to have 12 tandem repeats and is also the first to be expressed 
only during infection. Thus, it was concluded that LigA has value as a protective immunogen 
in vaccines and in serodiagnosis. 

12. Furthermore, it would have been routine for a skilled artisan, using methods 
well known in the art, to produce the effects of inmiunization through the methods recited in 
the pending claims. As of the earliest claimed priority date, it was routine and well-known in 
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the art how to produce a vaccine derived from a recombinant protein and to use it to produce 
a prophylactic immune response in a subject administered the vaccine. For example, four 
years before the earliest claimed priority date, Chang et al. published a report (1995, 
Recombinjmt OspA protects dogs against infection and disease caused by Borrelia 
burgdorferi. Infect Immun. 63(9): 3543-3549; Exhibit 6, Ref. AM of record) vaccinated dogs 
with recombinant OspA (derived from Borrelia burgdorferi B31, the spirochete that causes 
Lyme disease) alone or with adjuvant Six weeks or 6 months after the first vaccination, 
vaccinated and nonvaccinated dogs were challenged by exposure to adult ticks [Ixodes 
scapularis) naturally that were infected with the Lyme disease spirochete B. burgdorferi (tick 
infection rate, >60%). Protection from infection was evaluated by culture forB. burgdorferi 
from skin biopsies taken near the sites of tick bites. B, burgdorferi was not isolated from any 
of the vaccinated dogs. In contrast, 12 of 13 control dogs challenged by exposure to the ticks 
were culture positive and 8 of 13 control dogs showed signs of arthritis in joints, while only 1 
of the 22 vaccinated dogs had a single focus of mild inflammation in a single joint. At the 
time of the challenge, the vaccinated dogs had antibody to B. burgdorferi, which was 
demonstrable by kinetic enzyme-linked immunosorbent assay. Western blotting 
(immunoblotting), and a serum growth inhibition assay. The vaccinal antibody declined 
gradually after the challenge, especially in dogs vaccinated with OspA without adjuvants. 
Antibodies in the challenge control dogs were only detectable by 4 to 6 weeks after the 
challenge and remained at high levels until the termination of the study. By routine Western 
blot analysis, antibodies to OspA were observed to first appear in the sera of vaccinated dogs 
3 weeks after the first vaccination. The absence of additional bands after the challenge 
suggests that infection in vaccinated dogs was blocked. The results of this study show that 
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vaccination with recombinant OspA protected dogs against infection and disease after an 
experimental challenge with B. burgdorferi by exposure to ticks. 

13. In addition, it should be noted that as of the earliest claimed priority date, it 
would have required only routine experimentation for a skilled artisan, using the methods 
disclosed at pages 12-14 of the specification, to identify T-cell epitopes for use in an epitope 
vaccine. As disclosed at pages 12-14 of the specification, mapping of T-cell epitopes was 
well known in the art as of the earliest claimed priority date. Equipped with such routine 
knowledge, a skilled artisan would have been able to synthesize short, overlapping peptide 
sequences for a protein encoded by a proposed ORF of the instant invention, and to test these 
putative epitopes, in dogs immunized with the protein, for T cell stimulatory and IFN-gamma 
(Y) inducing properties. I also emphasize that it would have been routine and required no 
undue experimentation, as of the earliest claimed priority date, for a skilled artisan to 
determine which of several vectors or promoters routinely used in the art (several examples 
of which are disclosed at page 12 of the specification) to choose from for use in induction of 
an immune response. n 

14. I also emphasize that although some experimentation would have been required 
to deliver a polynucleotide via a DNA vaccine for the production of a protein epitope, such 
experimentation would not have been undue. I therefore disagree with the Examiner's 
assessment, at page 1 1 of the Office Action, that a skilled artisan would require examples of 
how the recited and claimed methods of producing a DNA vaccine differ from those 
presently found in the art in order to make and use the invention as claimed. Such examples 
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are not needed since the practice of the claimed methods would require only routine 
experimentation using methods well known in the art, 

15. Taken together, the teachings of Exhibits 3-6, as described above, rebut the 
rejection at pages 5-12 of the Office Action that the claimed invention is not enabled because 
one skilled in the art would have been required to perform undue experimentation to practice 
the invention. As discussed hereinabove, the methodology and guidance disclosed in the 
instant specification, coupled with routine knowledge in the field, would have enabled a 
skilled artisan to determine, as of the earliest claimed priority date and without undue 
experimentation (1) which protein epitope or ORF encodes a protein that reacts with antisera 
from an infected dog, (2) which of the proposed ORFs encodes an E, canis protein that 
produces a prophylactic immune response to E. canis infection, and (3) which of the methods 
disclosed in the specification can be used for expression of a proposed ORF that results in a 
prophylactic immune response. 

16. In sum, the analysis presented above indicates that the approach disclosed in the 
specification, coupled with knowledge well-known in the art of vaccine production, would 
have enabled a skilled artisan to make and use the invention as of the earliest claimed priority 
date. When a skilled artisan in the field is given extensive guidance to appropriate protocols 
throughout the instant specification, referenced by citations to specific literature and 
incorporating many techniques that are extremely well-known and routine in the art, any 
experimentation that may be necessary becomes routine. The skilled artisan knows that the 
methodologies disclosed in the instant specification will work, and indeed, the above- 
described references demonstrate that the disclosed methodologies do work. 
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17. I declare further that all statements made in this Declaration of my own 
knowledge are true and that all statements made on information and belief are believed to be 
true and further that these statements are made with the knowledge that willful false 
statements and the like so made are punishable by fme or imprisonment, or both, under 
Section 1001 of Title 18 of the United States Code and that such willful false statements may 
jeopardize the validity of the application or any patent issuing thereon. 





YUNG-FU CHANG, Ph.D. 
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Attachments; 



Exhibit 1 : Curriculum vitae of YUNG-FU CHANG, Ph.D. 
Exhibit 2 : . Pending claims 1 , 2, 5- 1 1 and 26-3 1 and 47-50 

Exhibit 3: Teng et aL, 2003a, Cloning and characterization of an Ehrlichia canis gene 
encoding a protein localized to the morula membrane, Infect. Immun. 71(4): 
2218-2225 

Exhibit 4: Teng et al. (2003b, Cloning and characterization of putative zinc protease 
genes of Ehrlichia canis, DNA Sequence 14(2): 109-121 

Exhibit 5: Palaniappan et aL, 2002, Cloning and molecular characterization of an 

immunogenic LigA protein of Leptospira interrogans^ Infect. Immun. 70(11): 
5924-5930 

Exhibit 6: Chang et al., 1 995, Recombinant OspA protects dogs against infection and 
disease caused by Borrelia burgdorferi^ Infect. Immun. 63(9): 3543-3549; 
Ref. AM of record 
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Principal Investigator/Program Director (Last, first, middle): Yung-Fu Ciiang 

BIOGRAPHICAL SKETCH 



NAME 

Yung-Fu Cliang 



POSITION TITLE 
Professor 



EDUCATION/TRAINING 



INSTITUTION AND LOCATION 


DEGREE 


YEAR 


FIELD OF STUDY 


National Pintung University of Science and 


DVM 


1974 


Veterinary Medicine 


Technology 








University of Idaho 


MS 


1981 


Immunology 


Texas A&M University, College of 


Ph.D. 


1984 


Microbiology 


Veterinary Medicine 








Texas A&M University, College of Medicine 


Post-doc 


1989 


Molecular Biology 



RESEARCH AND PROFESSIONAL EXPERIENCE : 

1974-1979 Assistant Pathologist, Veterinary Pathology Division, Taiwan Provincial 

Research Institute for Animal Health, Taiwan 
1984-1985 Research Associate, Medical Biochemistry and Genetics, College of Medicine, 

Texas A&M University, College Station, Texas 
1986-1989 Assistant Research Scientist, Medical Biochemistry and Genetics, College of 

Medicine, Texas A&M University, College Station, Texas 
1989-present Assistant/Associate/Full Professor, Department of Population Medicine & 

Diagnostic Sciences, College of Veterinary Medicine, Cornell University, 

Ithaca, New York. 

2003(Jan. to July). Visiting Professor, Department of Infectious disease and Medicine, 
College of Medicine, Stanford University. Stanford, California. 

PROFESSIONAL SOCIETIES : Society of Sigma Xi, American Society for Microbiology, 
The Society of PHi Zeta, American Association for the Advancement of Science. 

PATENTS : 

Leukotoxin gene from Pasteurella suis: US Patent: 5,559,008 

DNA encoding Actinobacillus pleuropneuminae hemolysin. US Patent: 5,641,653. 

Recombinant vaccine for porcine pleuropnuemonia US Patent:5,803,190 

Ehrlichia canis gene and vaccine. Australian Patent No. 772946. 

Helicobacter bizzozeronii urease and its use in diagnostic and treatment methods 

(Pending). 

Helicobacter bizzozeronii outer membrane protein and its use in diagnostic and 
treatment methods (Pending). 

Leptospira interrogans serovar Pomona adhesin gene and vaccine (Pending). 
EMCHIPS-Enhanced Microarray Construction and Hybridization Improvement using 
a polymer Surface. (Disclosure) 

RESEARCH INTERESTS : Molecular biology of infectious disease; DNA and recombinant 
subunit vaccine development; molecular basis of bacterial pathogenesis; immunopathology of 
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infectious disease; DNA probes development; host defense mechanisms; Microarray for 
diagnosis & pathogenesis. 

Selected peer-reviewed publications (in chronological order): (from 2000- present) 
Chang, Y. F., V. Novosel, S. P. McDonough, C. F. Chang, R. H. Jacobson, T. Divers, F. 
Quimby, S. Shin, and D. H. Lein. 2000. Experimental infection of ponies with 

Borrelia burgdorferi by exposure to bcodid ticks. Vet. Pathol. 37: 68-76. 
Chang, Y. F., S. P. McDonough, K.S. Shin, C, F. Chang, and T. Divers. 2000. Human 

granulocytic ehrlichiosis agent (HGE) infection in a pony vaccinated with 

recombinant OspA vaccine and challenged by exposure to naturally infected ticks. 

Clin. Diag. Lab. Immunol. 7: 68-71. 
Valentine, B. A., S. P. McDonough, Y. F. Chang, and A. J. Vonderchek. 2000. 

Polysaccharide storage myopathy in non-quarter horse, draft, or warmblood related 

horses and ponies. Vet. Pathol. 37: 193-196. 
Simpson, K.W., D. Strauss-Ayali, E. Scanziani, R. K. Straubinger, P. L. McDonough, 

A.F. Straubinger, Y. F. Chang, C. Domeneghini, N. Arebi, and J. Calm. 2000. 

Helicobacter felis infection is associated with lymphpoid follicular hyperplasia and 

mild gastritis but normal gastric secretory function in cats. Infect, hnmun. 68: 779- 

790. 

Divers, T. J., Y. F. Chang, R. H. Jacobson, and S. P. McDonough. 2001. Lyme disease in 

horses. Comp. Contin. Ed. Pract. Vet. 23: 375-381. 
Simpson, K.W., D. Strauss-Ayali, E. Scanziani, R. K. Straubinger, P. L. McDonough, A. F. 

Straubinger, Y. F. Chang, M. Esteves, J. G. Fox, C. Domeneghini, N. Arebi, and J. 

Calam. 2001 . Gastric secretory function in cats with Helicobacter pylori infection. 

Helicobacter 6: 1-14. 

Chang, Y. F., V. Novosel, C. F. Chang, B. A. Summers, D. P. Ma, Y. W. Chiang, W. M. 

Acree, H. J. Chu, S. Shin, and D. H. Lein. 2001. Experimental induction of chronic 

borreliosis in adult dogs exposed to Borrelia burgdorferi-infQctQd ticks and treated with 

dexamethasone. Am. J. Vet. Res. 62: 1 104-1 1 12. 
Tan, H., R. G. Creech, J. N. Jenkins, Y. F. Chang, and D. P. Ma. 2002. Cloning and 

expression analysis of two cotton {Gossypium hirsutm L.) genes encoding cell wall 

proline-rich proteins. DNA. Seq. 12: 367-380. 
Chang, C.-F., T.-M.Yeh, C.C. Chou, Y.F. Chang, T.S. Chiang. 2002. Antimicrobial 
susceptibility and plasmid analysis of Actinobacillus pleuropneumoniae isolated in 
Taiwan. Vet. Microbiol. 84:169-177. 
Chang, C. F., L. C. Chang, Y. F. Chang, M. Chen, and T. S. Chiang. 2002. Antimicrobial 

susceptible of Actinobacillus pleuropneumoniae^ Escherichia coli, and Salmonella 

choleraesuis recovered from Taiwanese swine. J. Vet. Diagn. Invest. 14:153-157. 
Raghavan, P. U. M., Y. F. Chang, S. S. D. Jusuf, S. Artiushin, J. F. Timoney, S. P. 

McDonough, S. C. Barr, T. J. Divers, P. McDonough, K. W. Simpson, and H. 

Mohammed. 2002. Cloning and molecular characterization of an immunogenic LigA of 

Leptospira interrogans. Infect. Immun. 70:5924-5930. 
Chang, C.F., W.H.Lin, T.M. Yeh, T.S. Chiang, and Y. F. Chang. 2002. Antimicrobial 

susceptibility of Riemerella anatipestifer isolated from ducks and the efficacy of 

ceftiofur treatment. J. Vet. Diagn. Invest. 15:26-29. 
Dheenadhayalan, V., K. S. Shin, C. F. Chang, C. D. Chang, S. J. Wang, S. P. McDonough, P. 

L. McDonough, S. Shin, A. Torres, and Y. F. Chang. 2002. Cloning and 

characterization of the genes coding for antigen 85A, 85B and 85C of Mycobacterium 
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avium suhsp, paratuberculosis. DNA Seq. 13:287-294. 
Zhu, J., C. H. Teng, C, F. Chang, C. D. Chang, K. W. Simpson, C. Wei, P. McDonough, S. 

McDonough, and Y. F. Chang. 2002. Cloning and characterization of a Helicobacter 

bizzozeronii urease gene cluster. DNA. Seq. 13:321-331. 
Wu, W. S., P. C. Hsieh, T. M, Huang, Y. F. Chang, and C. F. Chang. 2002. Cloning and 

characterization of an iron regulated locus, iroA^ in Salmonella entrica serovar 

Choleraesuis. DNA. Seq. 13:333-341. 
Zhu, J., Y.M. Hsu, K. W. Simpson, H. Tu, C. F. Chang, and Y. F. Chang. 2003. Cloning and 

characterization of a Helicobacter bizzozeronii Lip 18 gene . DNA. Seq. 14:87-94. 
Teng, C. H., and Y. F. Chang. 2003. Cloning and characterization of an Ehrlichia canis 

encoding a protein localized to the morula membrane. Infect. Immun. 71 :221 8-25. 
Teng, C. H., and Y. F. Chang. 2003. Cloning and characterization of putative zinc protease 

genes of Ehrlichia canis, DNA seq. 14:109-121 . 
Hsu, Y. M., N. Chin, C. F. Chang, and Y. F. Chang. 2003. Cloning and characterization of 

Actinobacillus pleuropneumoniae fur gene and its role in regulation of Apxl and 

AfuABC expression. DNA seq. 14:169-181. 
Santos, L. R. D., S. M. Barrouin-Melo, Y. F. Chang, J. Olson, S. P. McDonough, F. Quimby, 

W. L. C. D. Santos, L. C. Pontes-de-Carvalho, G. G. Oliveria. 2004. Recombinant 

single-chain interleukin-12 induces interferon mRNA expression in peripheral blood 

mononuclear cells of dogs with visceral leishmaniasis. Vet. Immun. Immunopathol. 

98:43-48. 

Shin, S.J., Y. F. Chang, C. Huang, J. Zhu, L. Huang, H.S. Yoo, K.S. Shin, S. Stehman, S. J. 
Shin, and A. Torres. 2004. Development of a polymerase chain reaction test to confirm 
Mycobacterium avium subsp. paratuberculosis in cultures. J. Vet. Diagn. Invest. 16:1 16- 
120. 

Huang, T.-M, Y.-F. Chang, and C.-F. Chang. 2004. Detection of Mutations in the gyrA Gene 
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(original). A recombinant DNA comprising said DNA selected from the group consisting 
of: 

a) a recombinant DNA that encodes a protein having an amino acid sequence 

as shown in SEQ. ID. NO. 3; 

b) a recombinant DNA that encodes a protein having an amino acid sequence 

as shown in SEQ. ID. NO. 5; 

c) a recombinant DNA that encodes a protein having an amino acid sequence 

as shown in SEQ. ID. NO. 7; 

d) a recombinant DNA that encodes a protein having an amino acid sequence 

as shown in SEQ. ID. NO. 9; 

e) a recombinant DNA that encodes a protein having an amino acid sequence 

as shown in SEQ. ID. NO. 11 ; and 

f) any portion of said DNA above that encodes a protein that elicits an immune 

response against E. canis. 

2 (original). The recombinant DNA of claim 1 wherein said DNA encodes at least one 
immunogenic epitope. 

3-4 (canceled). 

5 (original). A vaccine wherein said vaccine protects dogs against E. canis infection, 

6 (original). A vaccine comprising: 

a) a vector capable of expressing a recombinant DNA inserted into said vector 

such that a recombinant protein is expressed when said vector is 
provided in an appropriate host; and 

b) the recombinant DNA inserted into said vector wherein said DNA is 

selected from the group consisting of: 



1 



Appl.No. 10/004.494 

Declaration Of Yung-Fu Chang, Ph.D. Under 37 C.F.R. §1.132 
Exhibit 2 

i) a recombinant DNA that encodes a protein having an amino acid 

sequence as shown in SEQ. ID. NO. 3; 

ii) a recombinant DNA that encodes a protein having an amino acid 

sequence as shown in SEQ. ID. NO. 5; 

iii) a recombinant DNA that encodes a protein having an amino acid 

sequence as shown in SEQ. ID. NO. 7; 

iv) a recombinant DNA that encodes a protein having an amino acid 

sequence as shown in SEQ. ID. NO. 9; 

v) a recombinant DNA that encodes a protein having an amino acid 

sequence as shown in SEQ. ID, NO. 11; and 

vi) any portion of said DNA above that encodes a protein fragment that is 

greater than 25 amino acids. 

7 (original). The vaccine of claim 6, wherein said DNA further comprises DNA that encodes 

CpG motifs. 

8 (original). The vaccine of claim 6 wherein said DNA further comprises a promoter selected 

from the group consisting of: 

a) a cytomegalovirus (CMV) immediate early promoter; 

b) a human tissue plasminogen activator gene (t-PA); and 

c) promoter/enhancer region of a human elongation factor alpha (EF-1 a). 

9 (original). The vaccine of claim 6, wherein said vector is selected from the group consisting 

of: 

a) pcDNA3; 

b) pCl; 



c) VR1012; and 
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d) VR1020. 

10 (original). The vaccine of claim 6 wherein said vaccine is administered into said host by a 

method selected from the group consisting of: 

a) intramuscular injection; 

b) intravenous injection; and 

c) gene gun injection. 

1 1 (original). The vaccine of claim 1 0, wherein said host is a dog. 
12- 25 (canceled). 

26 (original). A method of creating a vaccine against Ehrlichia canis comprising: 

a) selecting a vector capable of expressing a recombinant DNA inserted into 

said vector; and 

b) inserting a recombinant DNA into said vector such that a recombinant 

protein is expressed when said vector is provided in an appropriate 
host wherein said DNA is selected from the group consisting of: 

i) a recombinant DNA that encodes a protein having an amino acid 

sequence as shown in SEQ. ID. NO. 3; 

ii) a recombinant DNA that encodes a protein having an amino acid 

sequence as shown in SEQ. ID. NO. 5; 

iii) a recombinant DNA that encodes a protein having an amino acid 

sequence as shown in SEQ. ID. NO. 7; 

iv) a recombinant DNA that encodes a protein having an amino acid 

sequence as shown in SEQ. ID. NO. 9; 

v) a recombinant DNA that encodes a protein having an amino acid 

sequence as shown in SEQ. ID. NO. 1 1 ; and 
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vi) any portion of said DNA above that encodes a protein fragment that 
is greater than 25 amino acids. 

27 (original). The method of claim 26, wherein said DNA further comprises DNA that 

encodes CpG motifs. 

28 (original). The method of claim 26 wherein said DNA further comprises a promoter 

selected from the group consisting of: 

a) a cytomegalovirus (CMV) immediate early promoter; 

b) a human tissue plasminogen activator gene (t-PA); and 

c) a promoter/enhancer region of a human elongation factor alpha (EF-1 a). 

29 (original). The method of claim 26, wherein said vector is selected from the group 

consisting of: 

a) pcDNA3; 

b) pCl; 

c) VR1012;and 

d) VR1020. 

30 (original). The method of claim 26 wherein said vaccine is injected into said host in a 

manner selected from the group consisting of: 

a) intramuscular injection; 

b) intravenous injection; and 

c) gene gun injection. 

3 1 (original). The method of claim 30, wherein said host is a dog. 
32-46 (canceled). 
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47 (original). A recombinant DNA comprising said DNA selected from the group consisting 

of 

a) a recombinant DNA that encodes a protein having an amino acid sequence 

as shown in SEQ. ID. NO. 3; 

b) a recombinant DNA that encodes a protein having an amino acid sequence 

as shown in SEQ. ID. NO. 5; 

c) a recombinant DNA that encodes a protein having an amino acid sequence 

as shown in SEQ.ID. NO. 7; 

d) a recombinant DNA that encodes a protein having an amino acid sequence 

as shown in SEQ. ID. NO. 9; and 

e) a recombinant DNA that encodes a protein having an amino acid sequence 

as shown in SEQ. ID. NO. 11. 

48 (original). A vector capable of expressing a recombinant DNA comprising: 

a) a recombinant DNA inserted into said vector such that a recombinant 

protein is expressed when said vector is provided in an appropriate 
host wherein said DNA is selected from the group consisting of: 

i) a recombinant DNA sequence that encodes a protein having an amino 

acid sequence as shown in SEQ. ID. NO. 3; 

ii) a recombinant DNA sequence that encodes a protein having an amino 

acid sequence as shown in SEQ. ID. NO. 5; 

iii) a recombinant DNA sequence that encodes a protein having an 

amino acid sequence as shown in SEQ. ID. NO. 7; 

iv) a recombinant DNA sequence that encodes a protein having an 

amino acid sequence as shown in SEQ. ID. NO. 9; 

v) a recombinant DNA that encodes a protein having an amino acid 

sequence as shown in SEQ. ID. NO. 1 1 ; and 
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vi) any portion of said DNA above that encodes a protein that elicits an 
immune response against E. canis. 

49 (original). The recombinant DNA of claim 47 wherein said DNA encodes at least one 

immunogenic epitope. 

50 (original). A vector capable of expressing a recombinant DNA comprising: 

a)a recombinant DNA inserted into said vector such that a recombinant protein 
is expressed when said vector is provided in an appropriate host 
wherein said DNA is selected from the group consisting of: 

i) a recombinant DNA that encodes a protein having an amino acid 

sequence as shown in SEQ. ID. NO. 3; 

ii) a recombinant DNA that encodes a protein having an amino acid 

sequence as shown in SEQ. ID. NO. 5; 

iii) a recombinant DNA that encodes a protein having an amino acid 

sequence as shown in SEQ. ID. NO. 7; 

iv) a recombinant DNA that encodes a protein having an amino acid 

sequence as shown in SEQ. ID. NO. 9; and 

v) a recombinant DNA that encodes a protein having an amino acid 

sequence as shown in SEQ. ID. NO. 1 1 . 

51-65 (canceled). 
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Cloning and Characterization of an Ehrlichia canis Gene Encoding a 
Protein Localized to the Morula Membrane 
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Cornell University, Ithaca, New York 14853 
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A gene encoding a 23.5-kDa ehrlichia! morula membrane protein designated MmpA was cloned by screening 
an Ehrlichia canis expression library with convalescent dog sera, which resulted in three positive clones. 
Sequence analysis of the insert DNAs from all three clones indicated an open reading frame with a size of 666 
bp that encodes MmpA. The structural analysis of MmpA indicated that it is a transmembrane protein with 
extreme hydrophobicity. Southern blot analysis of the i/mdIII-digested chromosoma] DNA demonstrated the 
presence of a single copy of the mtnpA gene in £. canis and Ehrlichia chaffeensis but not in the human 
granulocytic ehrlichiosis agent. The mmpA gene was amplified, cloned, and expressed as a fusion protein. 
Polyclonal antibodies to the recombinant protein (rMmpA) were raised in rabbits. Western blot analysis of £. 
canis and E, chaffeensis lysates with the anti-rMmpA serum resulted in the presence of an MmpA band only in 
E. canis, not in E, chaffeenesis. Sera from dogs which were either naturally or experimentally infected with £. 
canis recognized the recombinant protein. Double immunofluorescence confocal microscopy studies demon- 
strated that MmpA was localized mainly on the morula membrane of E, canis* Since the morula membrane is 
the interface between the ehrlichial growing environment and the host cytoplasm, MmpA may play a role in 
bacterium-host cell interactions. 



Canine monocytic ehrlichiosis is a potentially fatal tick- 
borne disease caused by the rickettsia Ehrlichia canis (33). £. 
canis is an obligate intracytoplasmic rickettsia invading reticu- 
loendothelial cells of the liver, spleen, and lymph nodes (33). 
The organism replicates primarily in monocytes and lympho- 
cytes (33), and it is transmitted by the brown dog tick, Rhipi- 
cephalus sanguineus, 

Donatien and Lestoquard first recognized canine monocytic 
ehrlichiosis in Algeria (17). Since then, it has been recognized 
worldwide as an important disease causing extensive morbidity 
and mortality among domestic dogs and other canids (24, 28, 
33). In humans, the etiological agent of monocytic ehrlichiosis 
is Ehrlichia chaffeensis (31), whereas the causative organism of 
human granulocytic ehrlichiosis (HGE) was temporarily 
named the HGE agent (18, 23, 31) and in 2001 was named 
Anaplasma phagocytophila (18a). The phylogenetic analysis of 
16S rRNA indicates iheXE. canis and E. chaffeensis have 98.2% 
homology (3). Western blot analysis of E. canb and £. 
chaffeensis lysates with antisera to E. canis and E. chaffeensis 
also revealed close antigenic similarity (14). 

Similarly to all intracellular bacterial pathogens that form 
membrane-bound vesicles in the host cells, E. canis organisms 
form microcolonies inside cellular vacuoles (morulae) that har- 
bor many individual ehrlichiae. Several suivival strategies have 
been identified in various intracellular bacterial pathogens, 
such as escaping from vacuoles, avoidance of lysosomal fusion, 
and tolerance of the lysosomal environment (19). Ehrlichia 
mr/cH-containing morulae evade lysosomal fusion (44). The 
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morula membrane provides a permissive environment not only 
for ehrlichial survival, but also for replication. To date, several 
inclusion membrane proteins from Chlamydia spp. have been 
identified, but none inE. canis (5-7, 35, 37). 

In order to identify ehrlichial antigens, an E. canis genomic 
library was constructed and screened with convalescent-phase 
dog sera. The screening resulted in the isolation of a gene 
encoding a protein that is localized on the morula membranes 
of E. cflnw-infected cells. The gene encoding this protein is 
named nimpA (for morula membrane protein A). 

MATERIALS AND METHODS 

Bacteria] strains, plasniids^ culture conditions, and an anti-i?. canis monoclo- 
nal antibody (MAb). The E. canis Oklahoma strain and E. chaffeensis (ATCC 
CRL-10679) were cultured in the DH82 dog macrophage cell line (ATCC CCL- 
J0389), and the HGE agent strain WM was cultured in the HL-60 cell line 
(ATCC CCL-24{)) as previously described (15, 16, 23). Bacterial infection rates 
were determined by LcukoSiat staining (Fisher Scientific, Pittsburgh, Pa.), and 
bacteria were counted under a microscope. Escherichia coli TBI ksdR (27) and 
E. coli DH5u [p- mod lacZ ^M15{lacZYA^arsF) U169 cmlAI recAl hsdR17 
(r|^~m|^"^) deoR thi-1 phoA supE44\-^rA96 relAl)] were used for plasmids 
pHCil65 (38) and pRSETB (Invitrogen, Carlsbad, Calif,) manipulations. E. coli 
strain BL21(DE3)(pLysS) [F " ompT hsdS^ (rB "mB" ) dcm gal \(DE3) pLysS 
Cm''] (Invitrogen) served as a host for the expression of the mmpA gene. E. canis 
was purified by Rcnografin gradient ccntrifugation as described elsewhere (42, 
43). 

An anti-£. canis MAb (anti-£. canLs: 62.7-kDa protein mass [data not shown]) 
was a kind gift of Fort Dodge Laboratories, Fort Dodge, Iowa. 

DNA manipulations. All standard DNA manipulations and analyses, except 
where mentioned, were performed according to the procedures described by 
Sambrook et a!, (36). 

Library constructicm and immunoscreening. E. canis DNA was extracted from 
purified organisms as previously described (11. 13). The purified DNA was 
subjected to Sau3A digestion, and the 3- to 8-kb fragments were isolated and 
Hgatcd to plasmid pHG165 (38) and then transformed into E. coHTBl (13). Tlic 
recombinants were screened (colony blotting) with dog anti-£. canis antisera as 
previously described (13). Dog anti-£. canis anti.sera were prepared in beagles 
infected with live £. canis by intravenous injection as previously described (8, 41). 
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These beagles were checked by detection of moruUte in the monot^tes. The 
antiserum Wcis preabsorbed with E. colt TBI lysates before use. 

Southern blot analysis. £. canis. E. chaffeensis, and the HGE agent genomic 
DNAs were prepared as previously described (11, 13). digested wiih //mdlll, 
clectrophorescd through a 0.7% agarose ge!. transferred to nitrocellulose mem- 
branes, and probed with a 427-bp DNA fragment containing the nimpA gene 
amplified by PGR Nvith a primer pair (IRACEl, S'-GCrGCATrCITG HTGC 
TGC-3\ and 4F, S'-ACGTGAGTTTGTrTATCTGGACO') (see Fig. 2). Tlie 
DNA fragment was labeled with a nonradioactive labeling kit (ECL direct nu- 
cleic acid labeling and detection systems; Amersham, Little Chalfont, Bucking- 
hamshire, England) (12). Southern blot hybridization and detection were per- 
formed as described by the manufacturer. 

PCR procedures and subcloning otmmpA gene. We designed a primer pair to 
amplify the whole ittntpA gene with the exception of the first 63 bp. The primer 
pair consisted of a sense primer, EC2F3 (5'-CAGAArrCGCAGTGTTAOGT 
TTAGCT-3') and an antiscnsc primer, EC2R2 (5'-GCAAGCTTAGGTGAAT 
ACAGGCTAAA -3') (sec Fig. 2). PCR was carried out in a Perkin-EImer Gene 
Amp PCR system 960D thermal cj'cler. The amplification reaction was performed 
in a final volume of 50 jil containing 20 mM Tri.s-HCl (pH 8.4), 50 mM KG. 1.5 
mM MgCl^, 0,4 mM (each) deoxynucleoside triphosphate (Pharmacia, Piscat- 
away, N.J.), primers (0.2 p.M), 1.25 U of Taq polymerase (Gibco BRL, Grand 
Island, N.Y.), 1 fil of template, and 33 ^tl of distilled water. The template (pCH2) 
was denatured at 94°C for 30 s, and 30 amplification cycles were performed as 
follows: 30 s of denaturation at 94°C, 45 s of annealing at 56°C, and 30 s of primer 
extension at 72''C followed at 72'Cfor 15 min and held at 4°C. The PCR product 
containing the mmpA gene was cut with EcoRl and HindUl and ligated to 
pRSETB cut with the same restriction enzymes (Invitrogen) and was designated 
pTEC2. pTEC2 was transferred into E. coli strain BL21(DE3)(pLysS). 



CTTAATAGTATAGCTGTTGACAAGCCGCAATCTGCGGTTC 



-60 TTGACA AAATAATACTAATCAGT TAAAAT TTTGAAGTGTTTCACCATAATGGTATTATTT 
-35 -10 
1 ATGAAAGCTCATAGCACAAGTATACGGAACTTTCAGCCTTTAGAAAGAGCTGCTATAATC 

MKAHSTSIRNFQPLERAAI I 
61 ATT GCAGTGTTAGGTTTAGCTG CArrcrrgrrrGCrGCrrGCTGCCTGCAGTGATCGTTTC 

IAVL6LAAFLFAAAACSDRF 
12 1 CAAAGATTGCAATTAACAAATCCATTTGTAATAGCAGGAATGGTTGGCCTTGCAGTTCTT 

QRLQLTNP FVIAGMVGLAVL 
181 TTAGTTGCTTCCTTAACAGCAGCATTAAGTATATGCTTAACTAAAAGTAAGCAAGTCACA 

LVASLTA ALSICLTKSKQVT 
241 CAACATGCTATTAGACATCGCTTTGGATACGAGTCAAGCACTTCTTCTTCTGTACTGCTT 

QHAIRHRFGYESSTSSSVLL 
301 GCAATATCAATAATTTCTTTATTACTTGCTGCAGCATTTTGTGGAAAGATAATGGGTAAT 

AI S I I S LLLAAA FC GKIMGN 
361 GACAACCCAGATCTATTCTTTAGCAAGATGCAAGAACTCTCCAATCCACTTGTTGTTGCA 

DNPDLFFSKMQELSNPLVVA 
421 GCTATTGTAGCCGTTTCTGTTTTCCTACTCTCATTCGTAATGTATGCTGCAAAGAACATT 

AIVAVSVFLLSFVMYAAKNI 
481 ATAAG TCCAGA TAAA CAAACTCACGTT AT TAT ATT AT CTAATCAACAAACT AT AGAAGAA 

ISPDKQTHVIILSNQQTIEE 
54 1 GCAAAAGTAGATCAAGGAATGAATATTTTGTCAGCAGTACTCCCAGCAGCTGGCATTGAC 

AKVDQGM NILSAVLPAAGID 
601 ATCATGACTATAGCTTCTTGTGACATTTTAGCAGTGAGCAGCCGGGGATCCTCTCAGCAT 

IMTIASCDILAVSSRGSSQH 
661 CAATAGATTTATGT TTTAGCCTGTATTCACC TTTTTATTAGGTGTTGTATCGTTTCTTTA 

Q * 

721 TATAAGTGTGTTATATTATATAAAACAT 
> < 

FIG. 2. Nucleotide sequences of the mmpA gene and its coded protein. Nucleotide numbers are indicated on the left. The start and stop codons 
are indicated in boldface type. A promoter-like region proximal to mmpA is underlined. The potential ribosome-binding site preceding mmpA is 
indicated by carets. A potential transcription terminator oimmpA is indicated by dashed arrows. Tlie underlined nucleotides indicate the primer 
annealing sites for generation of an mmpA gene fragment for insertion into pRESTB. The italicized nucleotides indicate the primer annealing sites 
for the generation of the DNA probes used for Fig. 4. The stop codon (amino acid) is indicated by an asterisk. 
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FIG. 1, Ehrlichial DNA inserts in pCH4, pCH5, and pCH2 with 
their restriction map. The location and direction of the inmpA gene is 
indicated by the large arrow. The direction of the lac promoter from 
plasmid pHG165 is indicated by small arrows. B, fiomHI; H, //mdlll; 
N, Ndel\ P, Psth and S, 5flw3A. 



Purification of MmpA protein and antiserum production in mbbits. E. coli 
BL21(DE3)(pLysS) harboring pTEC2 was grown in Luria-Bertani medium to an 
optical density at 600 nm of —0,5. IPTG (isopropyl-p-D-thiogalactopyranoside) 
was added to a final concentration of 1 mM, and the culture was grown for 3 h. 
The cells were harvested by centrifugation and resuspended in phosphate-buff- 
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FIG. 3. Hydropathy plot of the predicted amino acids of MmpA. 
The vertical axis represents the scale of the hydrophobic (positive) and 
hydrophilic (negative) values established for each window of nine 
amino acids as previously described (30). 



ered saline (PBS) containing 0.5% Triton X-100 and 10 mM EDTA. The cells 
were ruptured by a French press at 8,000 ib/in^. Tlie total iysate was then spun 
at 3,000 X g for 5 min to separate cell debris (10) and then ccntrifuged at 12,000 
X g for 5 min at 4°C. The pellets were washed with 9 volumes of PBS containing 
0.5% Triton X-100 and 10 mM EDTA, incubated at room temperature for 5 min, 
and then centrifuged at 12,000 X ^ for 5 min at A^C. 'ITie washing step was 
repeated once. Tlie protein samples (—500 (xg) were separated by sodium do- 
dccyl .sulfa te-polyacrylamidc gel electrophoresis (SDS-PAGE). The proteins 
were visualized after being stained with Coomas.sie blue. The recombinant 
MmpA (rMmpA) bund wus excised, mixed with an equal volume of PBS^ and 
ground to homogeneity for injection into rabbits. Polyclonal antiserum to 



21 Kb— 



3.5 Kb— 
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FIG. 4. Southern blot hybridization with the PCR products (427 
bp) derived from nvnpA against total genomic DNA digests (-20 |jLg 
of chromosomal DNA was digested with HindlU) from DH-82 cells 
(lane 2), E. cYiMW-infected cells (lane 3), £. cliaffeensiS'lnfected DH-82 
cells (lane 4), HL-60 cells (lane 5), and HGE agent-infected HL-60 
cells (lane 6). pCH4 digested with //widlll, served as a positive control 
(lane l)r 



rMmpA was raised in New Zealand White rabbits by three subcutaneous injec- 
tions at 3-week intervals with -100 \l$ of rMmpA in Freund's incomplete 
adjuvant as previously described (13). 

SDS-PAGE and Western and dot blotting. The procedures for the SDS-PAGE 
and Western blot analyses were as previously described (9. 11). For dot blotting, 
E. cam's- or £. cAaJfeemw-infcctcd DH82 cells (4 to 5 days old with an -50 to 
60% infection rate) were gently scraped from the bottom of a 25-cm^ flask (6 ml ) 
with a rubber policeman. The cells were pelleted (6,000 x 10 min), washed 
twice with PBS (pH 7.2), resuspended with 1 ml of PBS, and subjected to 
sonication at setting 4 for 2 min on ice (model W-185 Sonificr; Branson Ultra- 
sonics Corp., Danhur>', Conn.). Unbroken cells were removed by centrifugation 
at 1,000 X g for 10 min at 4X, and the lysatc was subjected to dot blot analysis. 
For identification of rMmpA expression, MAbs against the Xpress epitope (In- 
vitrogen) were used as primary antibodies. The secondary antibody, alkaline 
phosphatase-conjugated affinity-purilied anti-mouse immunoglobuUn G (IgG) 
(KPL, Gaithersburg, Md.) was used at a dilution of 1:5,000. For testing the 
expression of MmpA in £. canb and of possible MmpA homologues in 
chaffeensis and HGE, the rabbit anti-rMmpA antiserum served as the primary 
antibody (1:500). Goat alkaline phosphatase-conjugated anti-rabbit IgG (KPL) 
was used as a secondary antibody (1:5,000). To determine whether the naturally 
and experimentally infected dog sera contained anti-MmpA antibodies, rMmpA 
protein (—1 fxg/lane) was used as an antigen and subjected to SDS-PAGE and 
Western blot analysis. Test sera (1:500) from experimentally or naturally infected 
animals were used as the first antibody, followed by goat anti-dog IgG conjugated 
to alkaline phosphatase (1:5,000) (KPL) as the second antibody. 

Location of the MmpA protein in E. catiis. To localize the MmpA protein, E. 
cams was cultured on DH82 cells and subjected to double immunolluorescence 
labeling and confocal microscopy (MRC 600; Bio-Rad, Hercules, Calif.) exam- 
ination. Briefly, £. cflmA-infected DII82 cells (- 60 to 70% infected) 4 to 5 days 
after infection were gently scraped from the bottom of a 25-cm- flask (6 ml) with 
a rubber policeman. Tlie cells were harvested by centrifugation at 6,000 x g for 
10 min and resu.spcndcd with 2 ml of fresh culture medium. The cell suspensions 
(5 ixl) were loaded into individual wells of 12-vyell Teflon-coated slides (Erie 
Scientific, Portsmouth, N.H.). left to air dry, and fixed in acetone for 15 min. The 
slides were maintained at -20X until they were used. 

For the first immunofluorescence labeling, the frozen .slides were air dried 
again and then fixed in methanol for 3 min. The fixed cells were incubated with 
20 M-i of rabbit anti.serum to MmpA in each well at a 1:100 dilution (PBS with 
0.05% SDS and 5% fetal calf serum) for 30 min at 3>TC. After incubation, the 
slides were washed by dipping them twice into PBS followed by immersion in 
fresh PBS for 5 min and then were washed twice with distilled water and air 
dried. Fluorescein isolhioq^anate-conjugated anti-rabbit IgG (Sigma, St. Louis, 
Mo,), a second antibody, was prepared at a 1:30 dilution with the same buffer 
used for the primary antibody. The labeling process for the second antibody was 
similar to that for the primary antibody. 

For the second immunofluorescence labeling, after the steps above, the cells 
were sequentially incubated with the anii-£. canis MAb and then with lissamine- 
rhodamine-conjugatcd anti-mouse IgG (Jackson) in PBS with 0.05% Twecn 20 
and 5% fetal calf serum at a 1:40 dilution. All other conditions were identical to 
the procedures described above for the first immunofluorescence labeling. After 
all the procedures, the slides were air dried and mounted with mounting fluid 
(2.5 M-l/wcll; Becton Dickinson, Sparks. Md.). The tests were repeated five times. 
Each time, 100 morulae were counted. 

S'-RACE. To determine the transcription site, 5' rapid amphfication of cDNA 
ends (5 '-RACE) was followed as previously described (21) with the following 
modifications. Briefly, RNA was extracted by using RNAzol (Tel-test. Friends- 
wood, Tex.), and the first-strand cDNA (antisensc) was synthesized by using an 
mm/:;/! -sped he primer (2RACE1, 5'-CrTTCCACAAAATGCTGCAG-3'). The 
RNA template was then degraded with RNase H (BRL. Life Technologies. 
Rockville, Md.), and single-stranded cDNA was purified with the PRC purifica- 
tion kit (Gibco BRL, Life Technologies, Rock-ville, Md.), An oligo(dC) anchor 
sequence was added to the 3* end of the cDNA using terminal deoxynucleotidyl- 
transfera.se (TdT) and dCTP. PCR amplification was accompli.shed with two 
primers: a dcoxynosinc-contalning anchor primer (Qc, 5'-CCAGTGAGCAGA 
GTGACGAGGACTCGAGCrCAAGCTTGGGnGGGIIGGGIIG-3') that an- 
nealed to the poly(C) tail of the cDNA and a nested /nnipy^ -specific primer 
(2RACE2. 5'-TTGCAAGCAGTACAGAAGAAG-3'). Following that, a sec 
ond-round nested PCR was performed with primer Qo (5'-CCAGTGAGCACi 
AGTGACG-3'), which was complementary to the 5' end of Qc, and the other 
mwi/7.4-specific primer (2RACE3. 5'-GTGCTTGACTCGTATCCAAAG-3*). 
The resulting PCR product was cloned in a TA cloning vector (Invitrogen) and' 
subjected to DNA sequencing. We repeated 5'-RACE three times, and one clone 
from each repetition was subjected to DNA sequencing. 
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FIG. 5. Identification of rMmpA by SDS-PAGE (A) and Western immunoblot assay with M Ab against the Xpress epitope (B). Lanes M, mass 
marker protein; lanes 1, partially purified rMmpA (inclusion bodies); lanes 2, £. colt lysate (negative control); lanes 3, IPTG-induced pTEC2- 
transformcd E, coli lysate. The expressed protein band is indicated by an arrow. 



DNA sequencing and analysis. Automated DNA sequencing was performed 
on an Applied Biosystems model 373A DNA system by using the Uic universal 
primer and primers complementary to regions already sequenced in Lhe plasmid. 
The thermal cycling of the sequencing reactions utilized the Taq DyeDeoxy 
Terminator c>'dc-sequcncing kit. Both strands of the cloned DNA were com- 
pletely sequenced. The nucleotide sequence was analyzed using the BLAST 
programs of the National Center for Biotechnology Information (NCBI) (1, 2). 

Nucleotide sequence accession number. The GcnBank accession number of 
the nucleotide sequence of pCH4 determined in this study is .AP219120. 

RESULTS 

Immunoscreening of an E, cants genomic library* A plasmid 

library of E. canis genomic DNA was screened using pooled 
convalescent dog sera, and three clones that reacted strongly to 
the antisera were identified. These clones contained the plas- 
mids pCH2, pCH4, and pCH5 with DNA insertions of 2.4, 2.8, 
and 5.3 kbp, respectively (Fig. 1). 

Sequence analysis of mnipA genomic clones. The E. canis 
DNAs in pCH2, -4, and -5 were sequenced, and the results 
revealed the presence of an overlapping open reading frame 
(ORF) in all three clones. This ORF, with a size of 666 bp, was 
designated mmpA (Fig. 2). 

The DNA sequence of mmpA was searched for £. coli pro- 



moter consensus sequences using the homology score method 
(32). Putative - ID (TAAAAT) and -35 (TrGACA) promoter 
regions were identified in an upstream region of the initiation 
codon (Fig. 2), A ribosome-binding site (Shine-Dalgarno se- 
quence) was also evident upstream of the initiation codon, and 
an inverted repeat sequence that is probably capable of form- 
ing a stem-loop (AG = -7.4 kCal/mo!) and thus terminating 
transcription was also found downstream of the stop codon of 
mmpA (Fig. 2). 

The deduced amino acid sequence was also used to search 
for protein homologues in the NCBI database, but there was 
no significant homology to any other proteins in the database. 
The hydrophobicities of the deduced amino acids of MmpA 
and its potential transmembrane regions were analyzed using 
previously described methods (30), and the analysis predicted 
MmpA to be extremely hydrophobic, with live main potential 
transmembrane regions (Fig. 3). Based on the method devel- 
oped by Hopp and Woods, three potential antigenic determi- 
nants were identified (25). Three potential protein kinase C 
phosphorylation sites located in positions 7 (Ser), 37 (Ser). and 
213 (Ser) and one possible casein kinase II phosphorylation 
site in position 177 (Thr) were found by using the program 
PROSITE (PCgene), as previously described (20). 
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FIG. 6. Western (A) and dot (B) immunoblot iissays of DH82 cells, E. ca/jw-infected DH82 cells, and E. chaffeensis-mitcitiS DH82 cells with 
rabbit anti-rMmpA serum. The molecular masses of markers (Bio-Rad) are indicated on the left. For dot blot analysis (Bio-Dot; Bio-Rad), 3, 5, 
and 10 {l\ of lysate (see Materials and Methods) were adjusted to 10 jlI using PBS and subjected to analysis following the manufacturer's 
instructions. 



Southern blot analysis. To address the frequency and dis- 
tribution of the mmpA gene in E. canis, E. chaffeeiisis, and the 
HGE agent, Southern blot analyses of Hi/idlll-digested 
genomic DNAs of E. ca/iw-infected DH82 cells, E. c/iaffeeims- 
infected DH82 cells, and HGE agent-infected HL60 cells were 
performed. The digested genomic DNAs from DH82 and 
HL60 cells were used as negative controls, and pCH4 was used 
as a positive control. A single band with a size of 1.5 kb was 
detected from E. cflf?/.9-infected DH82 cells (Fig. 4, lane 3) and 
pCH4 (Fig. 4, lane 1), whereas a 2.5-kb band was detected 
from E. chaffeensisAnftctcd DH82 cells (Fig. 4, lane 4). The 
HGE agent-infected HL60 cells (Fig. 4, lane 6) and controls, 
such as DH82 and HL60 cells (Fig. 4, lanes 2 and 5), did not 
show any bands. The results suggest that the mmpA gene ^is 
present as a single copy in E. canis and E. chaffeensis but is not 
present in the HGE agent. 

5'-RACE for determination of the transcriptional start site. 
To determine the transcriptional start site of mmpA, 5 '-RACE 
was peiformed. The cDNA product was cloned in a TA cloning 
vector and subjected to DNA sequence analysis. We repeated 
RACE three times, and one clone from each repetition was 
subjected to DNA sequencing. Based on the sequencing re- 
sults, the transcriptional start site was located at either a G or 
a T 7 or 8 nucleotides downstream from the promoter -10 
region, respectively. 

Expression of MmpA and Western blotting analysis. A 
0.6-kb mmpA gene fragment was amplified and cloned into 
pRSETB as described in Materials and Methods. This con- 
struct (pTEC2) was transferred into E. coli and expressed as a 



recombinant protein (rMmpA). rMmpA contains a six-His Tag 
and an Xpress epitope on its N terminus. A partial purification 
of the recombinant protein from the E, coli lysate was accom- 
plished by washing it with Triton X-100 buffer, since the mol- 
ecule formed insoluble inclusion bodies. The molecular mass 
of the partially purified recombinant protein was found by 
SDS-PAGE to be -26 kDa (Fig. 5A). Western blot analysis 
with anti-Xpress antibodies also confirmed the in-frame fusion 
of the His tag and rMmpA (Fig. 5, B). 

To determine whether E. chaffeensis expressed MmpA, ly- 
sates from E. canw-infected DH82 cells, £. c/ia/ee«.vw-infected 
DH82 cells, and uninfected DH82 cells (negative control) were 
probed with anti-rMmpA antibodies in a Western blot analysis. 
The results showed only a protein band of —23.5 kDa closely 
correlated with the deduced molecular mass of MmpA in E, 
cflAiw-infected cells. No protein band was detected from either 
E. chaffeensis-infected DH82 cells or uninfected DH82 cells by 
anti-MmpA antibodies (Fig. 6A). However, dot blot analysis 
indicated the presence of an MmpA homologue in £. chaffeen- 
5/^-infected DH82 cells (Fig. 6B). 

To evaluate whether naturally and experimentally infected 
dog sera contained anti-MmpA antibodies, four naturally and 
one experimentally infected dog serum plus one uninfected 
and two .specific-pathogen-free (SPF) dog sera were used for 
Western blot analysis. The results showed that partially puri- 
fied rMmpA was recognized by all the naturally and experi- 
mentally E. cartw-infected dog antisera, but not by the normal 
serum or the SPF dog sera (Fig. 7). These data suggest in vivo 
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FIG. 7. Western blot of sera obtained from dogs experimentally or 
naturally infected with E, canis. The lanes show reactivity with 
rMmpA. Serum from a dog experimentally infected with E, canis (lane 
1), sera from four different naturally E. 6Y//ii.f-infected dogs (lanes 2 to 
5), sera from two SPF dogs (lanes 6 and 7), and pooled convalescent- 
phase sera (lane 8) were used to screen the library. 

expression of MmpA and its involvement in canine ehrlichio- 
sis. 

Subcellular localization of MmpA. The intracellular location 

of MmpA was determined by using anti-rMmpA antibodies 
and anti-£. canis MAbs for double immunofluorescence label- 
ing of E. c«/iW"-infected DH82 cells under confocal microscopy. 
The results revealed that the MmpA antigens were detectable 
mostly on the morula membrane, displaying a nonuniform 
Huorescent-staining pattern in —80% of the morulae examined 
(Fig. 8). Repeated attempts with increasing or decreasing con- 
centrations of primaiy or secondaiy antibodies or affinity-pu- 



rified primary antibodies could not eliminate the background 
staining, but the prominent staining of the morula membrane 
suggests that the MmpA antigen is mainly located on the 
morula membrane (Fig. 9). In contrast, the MAb stained only 
the £. canis organisms within the morulae. Normal rabbit se- 
rum (preimmune rabbit serum) did not stain either infected or 
uninfected DH82 cells (data not shown). 

DISCUSSION 

Ehrlichia spp. reside mainly in monocytes, macrophages, and 
neutrophils, which are considered primary effector cells of 
antimicrobial defense. Within the host cell, the bacteria reside 
within inclusion bodies (morulae), which provide a hospitable 
environment for their survival. The intracellular events leading 
to the establishment and maintenance of ehrlichia morulae in 
the host cells, especially for E. canis, is poorly understood. In 
this study, we have identified and partially characterized an 
ehrlichial morula membrane protein, MmpA, which was ob- 
tained by screening an E. canis genomic library with convales- 
cent-phase dog sera. Only three positive clones were identified, 
and all of them contained an ORF that encodes MmpA. Nei- 
ther the mmpA gene nor the MmpA protein shows any signif- 
icant homology with other genes or proteins. in the NCBI 
databases. The structural analysis of MmpA predicts that it is 
extremely hydrophobic, with five transmembrane segments 
(Fig. 3) and three potential antigenic determinants. We found 
that in vitro-grown (DH82 cells) E, canis expressed MmpA. In 
addition, the sera obtained from dogs naturally and experimen- 
tally infected with E. canis recognized MmpA. Taken together, 
these results confirm not only the antigenicity but also thi^ in 
vivo and in vitro expressioii of MmpA. 

Repeated attempts with 5 '-RACE indicated that the mmpA 
transcription start site was either a G or T located downstream 
of the -10 promoter. Since the G is located at the correspond- 
ing G of the template, and also adjacent to the appended 
poly(G) tail, it is difficult to say whether the G is derived from 
poly(C) addition during 5 '-RACE or from the cDNA. How- 
ever, this G or T is in good agreement with the consensus 
spacing of 6 to 8 bp between the promoter and the transcrip- 
tion start site. 

We found the mmpA gene in E. canis and E, chaffeensis but 
not in the HGE agent. This is not surprising, since there is a 
higher homology between E. canis and E. chaffeensis than be- 
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FIG. 9. (A and B) Confocal micrographs of a single plane (0.5 ^im thick) showing the localization of MmpA antigen on the morula membrane 
by probing with anti-rMmpA serum (A) and a MAb recognized by canis antigen in the organisms (B). (C) Merged images from panels A and 
B. Antibody labels: MmpA (green), anli-£. canis antigen (red). Bars = 18.5 jtm. 



tween £. canis and the HGE agent, according to either 16S 
rRNA or groEL heat shock gene analysis (39, 40). Since this 

gene is not present in the HGE agent, it may serve as a genetic 
marker to differentiate the HGE agent from the above-men- 
tioned monocytic ehrlichias However, this conclusion must be 
viewed cautiously, since we have examined only one strain of 
each organism. Western blot analysis of lysates from E. canis 
and E. chaffeensis with anti-MmpA sera demonstrated the 
presence of MmpA in E. canis at the predicted molecular mass 
of 23.5 kDa but not in chaffeensis (Fig. 6A). However, the 
dot blot analysis revealed the presence of an MmpA-like pro- 
tein in £. chaffeensis culture (Fig. 6B), and it indicates that SDS 
may denature the MmpA homologue during Western blot 
analysis. Further cloning and sequencing of the E. chaffeensis 
homologous gene is needed to answer this question. 

Confocal fluorescence microscopy of E. ca/iM-infected cells 
revealed that MmpA was localized primarily in the morula 
membrane. Several attempts to deteraiine the subcellular lo- 
cation of the MmpA protein by immunogold labeling were 
unsuccessful (unpublished data). Since the MmpA appears to 
be localized on the morula membrane, it is likely to require 
transport across the ehrlichial membranes. The secretory path- 
ways for some of the intracellular pathogens have been eluci- 
dated, but none has been reported in Ehrlichia spp. (4, 10, 22, 
26). Based on the predicted amino acid sequence, MmpA may 
not use a classic type 11 secretion system, because it lacks the 
typical type II signal sequence at its amino terminus. Several 
other secretion systems, such as type III, which do not require 
N-terminal signal sequences may be involved in MmpA secre- 
tion. The secretory pathways used by the ehriichiae await elu- 
cidation. 

To our knowledge, MmpA is the first E. canis protein to be 
found on the morula membrane. A 44-kDa protein in the HGE 
agent, a member of the genus Ehrlichia, is the only other 
protein that has been reported to partially localize on the 
morula membrane (29). Several other proteins that are also 
localized in inclusion membranes have been identified in other 
intracellular bacteria. For example, in Chlamydia psittaci and 
Chlamydia trachomatis^ three products of three genes, incA, -5, 
and -C, have been shown to localize to the inclusion mem- 
brane. The deduced amino acid sequences of these genes show 
less similarity to each other, but all of them have a common 
bilobed hydrophobic motif (6, 37). Based on the hydrophobic 



motif of Inc proteins, Bannantine et al. recently predicted that 
there are probably 46 inclusion membrane proteins in C. tra- 
chomatis (5). In contrast to chlamydia proteins, the MmpA 
protein of E. canis contains five major hydrophobic domains, 
and this motif may serve as a model to find other morula 
membrane proteins. Furthermore, we identified a putative 
operon with two genes (probably encoding endopeptidases) 
upstream of mmpA, while downstream of this gene is a prob- 
able lipoprotein signal peptidase gene (this study). Likewise, in 
chlamydia, the regions upstream of the incA, -B, and -C genes 
have two ORFs encoding 40- and 44-kDa proteins that are 
similar to amino acid transporters and Na"^ -dependent trans- 
porters, respectively (6). The function of MmpA, together with 
those of most of the identified chlamydial inclusion membrane 
proteins, remains to be characterized. Phosphorylation of one 
of the chlamydial inclusion membrane proteins, IncA, by the 
host cells indicates communication between the bacteria and 
the host cells (34). MmpA also possesses three potential phos- 
phorylation sites, indicating the possibility of a similar commu- 
nication strategy between E. canis and host cells. 

In conclusion, we have identified and expressed a novel 
ehrlichial gene (mmpA) coding for a protein (MmpA) that is 
localized on the morula membrane of E. canis. This gene is 
present in E. canis and E. chaffeensis but not in the agent of 
HGE. However, the encoded protein is detected only in E. 
canis. Since it is an immunodominant protein, it may also be 
a candidate for recombinant or DNA vaccine development 
and/or a serologic reagent. Further characterization of MmpA 
function may offer significant insights into the molecular mech- 
anisms of ehrlichial pathogenesis. 
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A putative zinc protease gene operon from Ehrlichia 
canis was cloned and sequenced. A genomic library was 
constructed in a pHG165 plasmid vector using SauSA 
partially digested E. canis chromosomal DNA. Sequence 
analysis of the insert DNA from this clone indicated two 
open reading frames with a size of 1314 and 1350 bp that 
encodes for ProA and ProB, respectively. Based on 
BLAST analyses, ProA and ProB share 20-30% identities 
with members of the eukaiyotic mitochondrial proces- 
sing peptidase (MPP) subfamily, which are heterodimers 
containing a. and P subunits. The subunits share a 20% of 
identity, but only MPP-P contains a conserved zinc- 
binding motif, His-Xaa-Xaa-Glu-His (HXXEH). proA 
and proB are also detectable in E. canis and Ehrlichia 
chaffeensis, but not the Anaplasma phagocytophila. 
5'-RACE revealed that the 5' end of the proA mRNA is 
heterogeneous, containing additional adenine residues 
that may be directed by pseudo-templated transcription. 
Although ProA was identified in both £. canis and 
E. chaffeensis, ProB was detected only in E. canis, ProA 
and ProB were both detectable in E. cawis-infected DH82 
cells. Sera from dogs, which were either naturally or 
experimentally infected with E. canis, recognized both 
the recombinant protein antigens. 

Keywords: Ehrlichia canis; Zinc protease; Transcriptional slippage; 
ProA; ProB 



INTRODUCTION 

Canine monocytic ehrlichiosis (CME) is a potentially 
fatal tick-borne disease caused by the rickettsia 
Ehrlichia canis (Ristic and Holland, 1993). E. canis 
is an obligate intracytoplasmic rickettsia and 



replicates primarily in monocytes and lymphocytes 
(Ristic and Holland, 1993). The recent emergence of 
Ehrlichia chaffeensis and Anaplasma phagocytophila that 
infect human patients together v^ith the recent report 
of human infection with Ehrlichia ewingii (Buller et ah, 
1999) clearly indicates that it is pivotal to identify 
and characterize tfie virulent factors from these 
organisms. 

The pitrilysin (M16) fcimily of metallopeptidases, 
whose members contain a zinc-binding motif (the 
catalytic site) His-Xaa-Xaa-Glu-His (HXXEH), are 
divided into two. subfamilies (Rawling and Barrett, 

1995) . One subfamily includes the Escherichia coli 
periplasnuc oligopeptidase pitrilysin, and the pqqF 
gene product from Klebsiella pneumoniae. The other 
subfamily includes the eukaryotic mitochondrial 
processing peptidase (MPP), which is a heterodimer 
containing a and p subunits. The subunits share a 
high degree of identity, but only the MPP-p has a zinc- 
binding motif (Rawling and Barrett, 1995). Bacteria 
also encode MPP-like proteins, such as PqqF and 
PqqG (formerly PqqE and PqqF, respectively) from 
Methylobacterium extrorquens AMI (Springer et ah, 

1996) . PqqF contains a catalytic zinc-binding motif 
and is an analog of MPP- p. PqqG, which shows some 
identity to the C-terminal domain of PqqF and both 
uruts of the MPP subfamily, is believed to be an analog 
of MPP-a because it lacks catalytic residues (Springer 
et ah, 1996). Although PqqF in M. extrorquens and PqqF 
in K pneumoniae belong to different subfamilies, pqqF 
from K. pneumoniae can partially suppress the effect of 
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a pqqF mutation in M. extrorquens (Springer et al, 
1996). PqqFG from M. extrorquens and PqqF 
from K. pneumoniae are all required for 
synthesis of pyrroloquinoline quinone (PQQ), a 
prosthetic group required by quinoproteins (Duine 
et al, 1987). Several quinoproteins, including metha- 
nol dehydrogenase (MDH) from methylotrophic 
bacteria and glucose dehydrogenase (GDH) from 
Acinetobacter calcoaceticus, have been well studied 
(Duine et al, 1987). However, no published data are 
available for E. canis. 

In order to identify potential ehrlichial antigens, 
an E. canis genomic library was constructed and 
screened with pooled dog convalescent sera. Several 
positive clones have been identified. One of the 
clones harbors a DNA fragment that contains a 
possible operon of two open reading frames 
{pro A and proB\ The putative proteins encoded by 
these two genes show extensive identities to the 
pitrilysin and MPP metallopeptidase subfamilies. 
Metallopeptidases in the MPP subfamily are com- 
posed of two similar subunits, and one of the 
subimits usually contains a conserved zinc-binding 
motif. Like other MPP subfamily members, ProA 
and ProB share some identity, and ProA contains a 
conserved zinc-binding motif. The pro A transcription 
start site was also identified. The 5' end of the proA 
transcript was found to contain various nimibers 
of additional adenine residues that may be directed 
by pseudo-templated transcription (Jacques and 
Kolakofsky, 1991). 



MATERIALS AND METHODS 

Bacterial Strains and Culture Conditions 

The E. canis Oklahoma strain, E. chaffeensis (ATCC# 
CRL-10679) were cultivated in DH82 dog macro- 
phage and A. phagocytophila (WI-1 strain) was 
cultivated in HL60 cell lines, as previously 
described (Dawson et al, 1991; 1993; Goodman 
et al, 1996; Dumler et al, 2001). Bacteria were 
counted by irdcroscopy and infection rates were 
determined by Diff-Quick staining. E. coli DH5a 
(F-^> 80d /flcZAMlS (lacZYA-argF) U169 endAl 
recAl /i5dR17(rk-mk+) deoR thi-1 phoA supE44\- 
gyrA96 relAl)) were used for plasmid pHG165 
(Stewart et al, 1986) and pRSETB (Invitrogen, CA) 
manipulations. E. coli TBI arid E. coli BL21 (DE3) 
pLysS (F-, ompT, hsdSs, (rB-,mB'-), dcm, gal, 
A (DE3), Cm'') served as hosts for the E. canis 
genomic library and plasmids that express of 
recombinant ProA (rProA) and recombinant ProB 
(rProB), respectively. E. canis organisms were 
purified by the Renograftn gradient centrifugation 
procedure as described previously (Weiss et al, 
1988; 1989). 



Library Construction and Screening 

E, canis genomic DNA was extracted from 
purified organisms as previously described 
(Chang et al, 1987). Purified DNA was subjected 
to Sau3A partial digestion, and the 3-8 kb 
fragments were isolated and ligated to BamHl 
digested plasmid pHG165 (Stewart et al, 1986). 
The resulting plasmids were transferred to E. coli 
TBI and recombinants were screened with dog 
anti-E. c^^nis antisera as previously described 
(Chang et al, 1987). The anti-E. canis antisera were 
prepared from beagles inoculated with E.canis- 
irrfected DH82 cells by IV injection. The infection 
was confirmed by detection of E. canis morulae in 
peripheral blood monocytes. The antisertmi was 
preabsorbed with boiled E. coli TBI lysate for 1 h at 
37''C before use. 



Southern Blot Analysis 

E. canis genomic DNA was prepared as previously 
described, digested with HmdUI, and separated on 
0.7% agarose gel. The DNA was then transferred to 
nitrocellulose membranes> and probed with DNA 
fragments derived from the proA or proB genes 
(designated as Probe A and Probe B, respectively). 
The 1364 bp Probe A was amplified by PCR of proA 
using the primers 4RR (S'-CATGCACATGGTATTA- 
TACAAAGTC-30 and ProAR (5'-TCATAAGCGTAT- 
CCTGCT-30. The 747 bp Probe B was amplified by 
PCR of proB using the primers ProBFl (5'-ATGAG- 
AAACATATTGTGTTAC-30 and CH2RF (5'-TAAC- 
AGTCGTATCTGGTATGGTAT-3'). pCH4 served as 
the template in both PCR reactions. The probes were 
labeled with a non-radioactive labeling kit (ECL™ 
direct nucleic acid labeling and detection systems, 
Amersham, Little Chalfont, Buckinghamshire, 
England). Southern blot hybridization and 
detection were performed as described by the 
manufacturer. 

5'-Rapid Amplification of c DNA Ends (5'-RACE) 

To determine the transcription site of proA, the 
5'-RACE procedure was followed with modifications 
(Frohman, 1993). Briefly, RNA was extracted 
from E. canis infected DH82 cells using RNAzol 
(Tel-test, Friendswood, TX) and the cDNA 
(anti-sense) was synthesized using the proA- 
specific primer ARACEl (5'-TGCTTGGCnTCAAC- 
TCTCA-30. RNA was then degraded with RNase 
H (Gibco-BRL, Grand Island, NY) and cDNA was 
purified with the PRC purification Kit (Gibco-BRL). 
After an oligo-dC anchor sequence was added to 
the 3' end of the cDNA using TdT and dCTP, 
PCR amplification was accomplished with two 
primers: a deoxynosine-contairung anchor primer. 
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Qc (5'-CCAGTGAGCAGAGTGACGAGGACTCGA- 
GCTCAAGCTTGGGIIGGGIIGGGIIG-30, which 
anneals to the poly-C tail of the cDNA and a nested 
proy4-specific primer, 2RACE2 (5'-TTAATGCTTTGT- 
CGGTAACCT-30. A second round of nested PGR 
was then performed with primer Qo (5'-CCAGTG- 
AGCAGAGTGACG-30, which was complementary 
to the 5' end of Qc, and the proA-specific primer, 
ARACE3 (5'-TCTGCATTCTGTCTGATTCAA-30. 
The resulting PGR product was cloned into a TA 
cloning vector (Invitrogen, CA) and subjected to 
DNA sequencing. 5' RACE was repeated four times 
and three clones from each experiment were 
subjected to DNA sequencing. 

FCR Amplification and DNA Manipulations 

All standard DNA manipulations and analyses, 
except where mentioned, were performed according 
to the procedures described by Sambrock et al (1989). 
pTPROA and pTPROB, which express the rProA 
and rProB proteins, respectively, were constructed by 
cloning proA or proB sequences into pRSET (Invitro- 
gen) in frame with the vector-encoded N-terminal 
6 X His and Xpress epitope. rProA lacks the first 20 
amino acids of ProA, and rProB lacks the first 94 
amino acids of ProB. proA or proB sequences were 
amplified from pCH4 DNA by PGR using the primers 
NproAF (S'-CGGAATTCGCTTTATCCTTTAACATT- 
3') and ProAR (5'-GCAAGCTTCATAAGCGTATCC- 
TGCT-30 or ProBF2 (5'-CAGGATCCGAAGGCAAA- 
GGTATAGA-30 and ProBR (5,-CCCTGCAGTCCGG- 
TAGAGCTAACACT-30, respectively PGR was 
carried out in a Perkin- Elmer Gene Amp PGR 
system 9600 thermal cycler. The amplification reac- 
tion was performed in a final volimne of 50fxl 
containing 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 
1.5 mM MgGl2, 0.4 mM (each) deoxynucleoside 
triphosphate (Pharmacia), primers (0.2 fiM), 1.25 U 
of Taq polymerase (GIBGO BRL), and 1 |xl of template 
DNA. After the template was denatured at 94°C for 
30 s, 35 amplification cycles consisting of 30 s of 
denaturation at 94*'C, 45 s of annealing at 45''C, and 
30 s of primer exter\sion at 72''C were performed, 
followed by an extension cycle of 72°C for 15 min. The 
PGR product of partial proA gene was cut with Eco RI 
and HrndUI (Invitrogen, CA) and ligated to pRSETB. 
The PGR product of partial proB fragment was 
digested with Pstl and BarriHI (Invitrogen, GA) and 
ligated into pRSETA. Plasmids were then transferred 
into E, coli strain BL21 (DE3) pLysS. 

pPROAB, which was used for complementation 
analysis in Methylobacterium extorquens AMI, was 
created in two steps. First, a Dral fragment 
from pCH4 containing the proAB genes and the 
proA promoter region was ligated to a Sma I-digested 
pUC19 plasmid. This plasmid was then digested 
with Pstl and Bam HI, and the fragment containing 



proAB was cloned into pRK310 (Tc*^ IncPl) (Springer 
et al, 1996). 

Expression and Fartid Purification of 
Recombinant Proteins (rProA and rProB) and 
Antiserum Production 

E. coli BL21 (DE3) pLysS strains harboring pTPROA 
or pTPROB were grown in LB medium to OD600 = 
0.5. IPTG was added to a final concentration of 1 mM 
and the culture was grown for 3h. Cells expressing 
rProA were harvested by centrifugation at 10,000 X g 
for 5 min, resuspended in 6 M guanidiniimi (pH 7.8), 
and passed through a French press at 6000 psi. After 
rProA was partially purified by inunobilized metal 
affiiuty chromatography through its N-terminal 
6 X His tag in urea buffer, the purified sample was 
dialyzed with PBS to remove the urea. Cells 
expressing rProB formed insoluble inclusion bodies. 
The cells were harvested by centrifugation as 
described above, resuspended in PBS, and ruptured 
with a French Pressure Cell Press (American 
Instrumental Company, Silver Spring, MA) at 
8000 psi. The total lysate was then centrifuged at 
12,000 X g for 5 min at 4''C, and the resulting pellet 
was washed twice in nine volimfies (v/v) PBS 
containing 0.5% TritonX-100 and 10 mM EDTA. The 
final product was resuspended in SDS sample buffer 
and boiled for 5 min to dissolve the inclusion bodies. 

For antiserum production, partially purified 
protein samples were further separated by 
SDS-polyacrylamide gel electrophoresis (SDS- 
PAGE). After stairung with Coomassie blue, the 
desired protein bands were excised, ground 
and mixed with equal amounts of PBS. Polyclonal 
antisera against rProA and rProB were raised in 
New Zealand White rabbits as previously described 
(Chang etal, 1989). 

SDS-PAGE and Western Blot Analysis 

SDS-PAGE and Western blot analysis was performed 
as previously described (Chang et al, 1993; 1995). To 
detect rProA and rProB expression, the primary anti- 
body, MAb against the Xpress™ epitope (Invitrogen, 
CA), and the secondary antibody, alkaline phospha- 
tase-conjugated affinity-purified anti-mouse IgG 
(KPL), were used at a dilution of 1:5000. To investigate 
the expression of ProA and ProB in Ehrlichia spp., 
rabbit anti-rProA and -rProB sera were used at a 1:500 
dilution, and the secondary antibody, goat alkaline 
phosphatase-conjugated anti-rabbit IgG (KPL), was 
used at a 1:5000 dilution. To determine whether 
naturally or experimentally infected dog sera contain 
antibodies against ProA or ProB, test sera were used 
at a 1:500 dilution, and the secondary antibody, goat 
anti-dog IgG conjugated to alkaline phosphatase 
(KPL), was xised at a 1:5000 dilution. 
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Cellular Fractionation 

Ehrlichial organisms that were harvested from 
39,000 cm^ of 80% E. canis-mfected DH82 cell culture 
were purified as described previously (Weiss et al, 
1989) and resuspended in 1ml of SPK buffer 
(0.2 M sucrose and 0.05 M potassium phosphate 
buffer, pH 7.4) (Weiss et al, 1989). Purified organisms 
were then sonicated at scale 4 for 2min on 
ice (Sonifier Model W-185, Branson Sonic Power 
Company, Danbury, CT). Unbroken cells were 
removed by centrifugation at 1000 Xg for lOmin 
at 4**C and the supernatant was ultracentrifuged 
for Ih at 100,000 x g at 4°C. The resulting super- 
natant contained soluble proteins (cytoplasmic and 
periplasmic proteins) and the pellet (crude 
membranes) contained inner- and outer-membrane 
fractions. The soluble protein fraction was 
concentrated by precipitation with 5% (w/v) TCA. 
To separate inner and outer membranes, the 
method described by Ohashi et al (1998) was 
followed with some, modifications. Briefly, crude 
membranes were incubated in 1.5% sarkosyl solution 
at 37°C for SOmin and then subjected to centrifu- 
gation at 10,000 Xg for SOmin at 4°C. The super- 
natant, which contains inner membrane proteins, 
was then collected. The pellet, which contains outer 
membrane proteins, was washed once with 2% 
sarkosyl buffer. 



Complementation Analysis 

M. extorquens AMI pqqF and pqqG mutants were 
grown on minimal medium containing 0.2% 
succinate at 30°C as described previously (Springer 
et al, 1996). To transfer pProAB into M. extorquens 
AMI mutant strains, triparental matings were 
performed using the following strains: E. coli 
HBlOl harboring the mobilizing plasmid pRK2013 
(KmO, E. coli harboring pProAB (Tc^ and M. 
extorquens AMI pqqF or pqqG mutants (Rif) 
(Springer et al, 1996). The donor, mobilizer and 
recipient strains were mixed in a 1:1:5 ratio and 
spread onto a nitrocellulose membrane. After the 
membrane was incubated on nutrient agar medium 
at 30**C for 18 h, the bacteria were washed from the 
membrane and plated onto nutrient agar mediiun 
containing 25ixg/ml rifampicin and 12.5|uig/ml 
tetracycline to select for the pPROAB-harboring M. 
extorquens. The transconjugants were then plated 
onto minimal medium plates containing 0.5% 
methanol. 



Nucleotide Sequence Accession Number 

The DNA sequence of proAB has been submitted to 
Genbank and assigned number AF219120. 



RESULTS 

Sequence Anailysis of ProAB and Surrounding 
Region 

To identify E. canis proteins that are recognized by 
the canine humoral immune response during 
infection, a plasmid library of E, canis genomic 
DNA was screened with polyclonal antisera 
prepared from infected dogs. One clone harboring 
plasirud pCH4 reacted with the dog anti-E. canis sera. 

The E. canis DNA insert in pCH4 was subjected to 
DNA sequence analysis. The 5299 bp insert contains 
four intact open reading frames and one partial open 
reading frame (Fig. 1). The first open reading frame, 
ec3, encodes a putative product of 175 amino acids 
possessing sigruficant identity to the cytochrome C 
assembly protein. The second ORF, named proA, 
begins 402 bp downstream from the end of ec3 and 
encodes a polypeptide of 438 amino acids. The 
putative ProA protein shares extensive identity with 
the pitrilysin family, which belongs to the group of 
metallopeptidases. The identity is highest in the 
N-terminal portion, which includes the conserved 
putative metal binding sequence, HXXGH as well as 
a conserved Glu for catalysis (Fig. 2). BLAST analysis 
reveals that ProA shares significant identity to MPP- 
p peptidase in Solanum tuberosum (27% over 284 
amino acids; Genbank accession nimnber X80237), 
E. coli pitrilysin (27% over 222 amino acids; Genbank 
accession number M17095), and many bacterial 
putative zinc proteases such as: PqqF in M. 
extrorquens AMI (36% over 376 amino acids; 
Genbank accession number L43135), Y4wA in 
Rhizobium sp. (34% over 416 amino acids; Genbemk 
accession number AE000103), putative gene product 
of PA0372 in Pseudomonas aeruginosa (27% over 419 
amino acids; Genbank accession number AE004475) 
and, the putative gene product of HP1012 in 
Helicobacter pylori, strain 26695 (26% over 389 amino 
acids; Genbank accession number AE000609). 
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HGURE 1 The ehrlichial DNA insert in pCH4 with their 
restriction map. The location and direction of the genes are 
indicated by bold arrows. The direction of the lac promoter from 
plasmid pHG165 is indicated by a thin arrow. Abbreviation: B, 
BamHl', H, Hmdlll; N, Ndel) V, PstI; and Sfl«3A. ec3, a putative 
cytochrome C assembly protein gene; mmpA, a putative morula 
membrane protein A; pqpA, a putative lipoprotein peptidase. 



PUTATIVE 23NC PROTEASE GENES OF £. CANIS 



113 



ProA 

Pitrilysin 

PqqP 

PA0372 . 
HP1012 




|LEE^EAYQ 
&RFETEENN 

'ADE^PGKS 

;sy||tp<|l^ 

IgRNgTNgKS 




LISTWSNg 

" .MH 

jR|PjIRA-LEEEHENp 
PAGA-FSKAfflSs'^ 
gSGE-FSA] 
>GPGE-ASRVgRD; 
LKAGE-FDKIQKRF{ 




ProA 

Pitrilysin 

MPP-B 

PqqP 

Y4»A 

PA0372 

HP1012 



[ELnPKQYffl 

.eSendaR 

.KmLGCDfflPKifl 

irSardhH 

iHjaTfflT PE SfflRTMgEFE, 
".RDRfflPVAfflEMl 
|I KT S QAnHdK sBei/f^E T 



iiJjQNFKffiTDKAilR 

eplHdkkyaer 

jQNsLaEEDKTIR 
SGLV 



RHLVWrDAW^i 
HaJsflpVDQFKS 




illp- -Ss QAKNlfflE 11 

lFw^rtrdgmrmaqJ SA^ 

EE- — pEKQPEEgj F]DQ 
^i^g — jVE|TDj^'sAQf 
3 rW|^ — yENDjPEoSaEEi 
j RRBl--TDDNPNAkjAFER 



FIGURE 2 Alignment of ProA with members of the pitrilysin family and bacterial putative zinc proteases around the zinc-binding motif 
(HXXEH), which is indicated as and the conserved catalytic Glu residue, which is indicated by " + Pitrilysin, E. coH pitrilysin; 
MPP-P, S. tuberosum (potato) MPP p subnit; PqqF, M. extrorquens AMI PqqF; Y4WA, PA0372 and HP1021, putative zinc proteases from 
Rhizobium sp., R aeruginosa and H, pylori, respectively. 



The third ORF, proB, begins 2 bp after the end of 
proA and encodes a protein of 451 amino acids. 
Although without the conserved zinc-binding 
domain, based on the BLAST analysis ProB showed 
extensive identity to both subimits of MPP subfamily 
and some of the bacterial putative zinc proteases 
such as the PqqF, Y4wA and the gene products 
of PA0372. There are several bacterial putative 
proteases, which contain no zinc-ligand motif but 
show similarities with the pitrilysin family, have 
identities with ProB: PqqG, Y4wB, gene product of 
PA0371 and HP0657 in M. extrorquens AMI, 
Rhizobium spp., P. aeruginosa and H. pylori 26695, 
respectively. In addition, ProA and ProB showed 
20% of identity (over 227 amino acid) on their 
N-terminal ends. The fourth ORF, mmpA, encodes a 
polypeptide of 174 amino acids that does not have 
significant identity to any proteins in the databases. 
The fifth partial ORF encodes a putative lipoprotein 
signal peptidase. 

Using the homology score method (Mulligan et al, 
1984), consensus -10 (TAAACT) and -35 
(TTGATA) 8^° binding sites were found upstream 
of pro A (Fig. 3). In addition, potential ribosome- 
binding sites (AAGGT and GGAGA) were found 
upstream from the translation initiation codons of 
pro A and proB, respectively (Fig. 3). A potential 
transcription terminator was also identified down- 
stream of proB (Fig. 3). Based on the method 
developed by Heijne, both ProA and ProB contain a 
N-terminal signal sequence (von Heijne, 1986). 

Identification oiproA and proB Homologous Genes 
in Other Ehrlichia Strains 

To investigate whether proA and proB homologs exist 
in other Ehrlichia strains. Southern blot analysis was 
performed on Hmdlll-digested genomic DNA from 
E. chajfeensis and A. phagocytophila (Fig. 4). Because 
ehrlichiae must be grown in host cells, the genomic 
DNA preparations also contain host cell DNA. Thus, 



pure host cell genomic DNAs (from DH82 and HL60 
cells) were also prepared to serve as negative 
controls. pCH4 was used as a positive control. proA 
and proB sequences were detected using PCR- 
amplified probes designated probe A and B, 
respectively. Both probe A and B hybridize to a 
2.7 kb fragment in pCH4 and E. canfs-infected D H82 
cell DNA (Fig. 4, lanes 1 and 3), as well as a 2.5 kb 
fragment in E. chaffeensis-iniecied DH82 cell DNA 
(Fig. 4, lane 4), but negative in DH82 cell DNA (Fig. 4, 
lane 2). Probe A and B did not hybridize to DNA 
prepared from A. phagocytophila-infected HL60 or 
HL60 cells (Fig. 4, lanes 5 and 6). These results 
suggest that both E. canis and E. chajfeensis contain a 
single copy of the proA and proB genes. 

5 '-RACE for Determination of the Transcript Start 
Site of proAB Operon 

To determine the transcriptional start site of proA, 
5'-J?apid Amplification of cDNA Ends (5'-RACE) 
was performed as described in the "Materials and 
methods" section. Briefly, a poly-C oligonucleotide 
sequence was appended onto the 3' end of the cDNA 
(template strand) synthesized from proA mRNA. The 
cDNA product was then amplified by PGR using the 
poly-C as the anchor sequence, cloned into a TA 
cloning vector, and sequenced. The transcription 
start site of proA can be ascertained by determining 
the point at which the poly-G sequence (poly-C in 
the template strand of the cloned PCR product) was 
appended onto the 5' end of the proA cDNA (coding 
strand). However, this experiment was repeated four 
times, and a variable number of As (4, 5, 6, or .17) 
not found in the proA DNA sequence were detected 
at the 5' end of the proA 5'-RACE PCR product 
following the poly-G sequence (Fig. 5). These 
results might be explained by a phenomenon called 
pseudo-templated transcription, which has been 
documented in both prokaryotic and eukaryotic 
organisms Jacques and Kolakofsky, 1991). 
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Excluding the additional variable poly-A sequence, 
the 5' end of the mRNA is an AAA sequence located 
14- 16 bp upstream of the proA translation start site 
(Fig. 5). 

Expression and Purification of rProA and rProB 

To express ProA and ProB in E. coli, recombi- 
nant truncated versions of these proteins were 
constructed that contain N-terminal 44-amino acid 



sequence tags, which include a 6 X His Tag and a 
Xpress™ epitope. The recombinant genes expressing 
these proteins were constructed by PCR-amplifying 
proA and proB, and cloning the products into the 
expression vector pRSET. The resulting plasmids, 
pTTROA and pTPROB were transferred into £. coli 
BL21, and the recombinant proteins, rProA and 
rProB were expressed and partially purified as 
described in the "Materials and Methods" section. 
rProA and rProB expression was detected by 



TTTACTCTTATTTTTTTAT 
- 60 CAC TTGATA TTATTAAATAATCATA TAAACT CCCAAATAAACTATTGC AAGGT TATGGTA 
-35 -10 * 

1 AT6ATGAAATTTTTTACTTGTTTTTTCATAGTTTTCTTAACAATAGCCAATCATGCTTTA 
MMKFFTCFFIVFLTIA NHAL 
61 TCCTTTAACATTAAAGTTACACATGAAAAATTAGATAATGGAATGGAAGTATACGTGATT 
SFNIKVTHEKLDNGMEVYVI 
121 CCAAATCATCGCGCACCAGCAGTCATGCACATGGTATTATACAAAGTCGGTGGAACTGAT 

PNHRAPAVMHMVLYKVGGTD 
181 GATCCAGTAGGATACTCTGGATTAGCACATTTTTTTGAACACTTAATGTTTAGTGGAACA 

DPV6YS6LAHFFEHI.MFS6T 
241 GAAAAATTTCCTAATCTCATCAGCACACTTAGTAATATAGGCGGAAATTTCAATGCAAGC 

EKFPNLISTLSNIGGNFNAS 
301 ACATCTCAATTTTGTACTATATACTACGAATTAATACCAAAACAATATTTATCTCTTGCA 

TSQFCTIYYELIPKQYLSLA 
361 ATGGATATTGAATC AGACAGAATGCAGAATTTTAAGGTTACCGACAAAGCATTAAT AAGA 

MDIE SDRMQNFKVTDRALIR 
421 GAACAAAAGGTAGTCTT AGAAGAAAGAAAAATGAGAGTTGAAAGCCAAGCAAAAAACATA 

EQKVVLEERRMRVE SQARNI 
481 CTAGAAGAAGAAATGGAATVATGCATTTTATTACAATGGATATGGCAGACCAGTAGTAGGA 

LEEEMENAFYYN6YGRPVVG 
541 TGGGAACATGAAATTAGCAACTACAACAAAGAAGTTGCTGAAGCCTTTCATAAGCTACAT 

WEHE I SNYNKEVAEA FHKLH 
601 TATAGTCCTAATAATGCTATATTAATTGTAACTGGAGATGCAGAtCCACAAGAAGTAATC 

YSPNNAILIVTGDADPQEVI 
661 ACACTTGCAAAACAATACTATGGGAAAATACCATCTAATAATAAGAAACCTTCAAGTCAA 

TLAKQYYGKIPSNNRRPSSQ 
721 GTTAGGGTAGAACCACCGCATAAAACAAATATGACTTTAACATTAAAAGACAGTTCAGTA 

VRVEPP HKTNMTLTLKDSSV 
781 GAAATCCCAGAACTGTTTTTAATGTATCAAATACCAAATGGTATTACCAATAAAAACTAC 

EIPELFLMYQIPNGITNKNY 
841 ATACTTAACATGATGTTAGCAGAAATACTCGGTAGTGGTAAATTCAGCCTGCTTTACAAT 

ILNMMLAEIL6S6RFSLLYN 
901 GATTTGGTAATTAACAATCCAATAGTTACATCGATAAAAACAGATTATAATTACTTAACT 

DLVINNPIVTSIRTDYNYLT 
961 GACAGCGATAATTACCTTTCCATTGAAGCTATACCTAAAAACGGGATCTCTACAGAAGCT 
DSDNYLSIEAIPKNGI S TEA. 
1021 GTAGAACAAGAAATTCATAAATGTATAAATAATTATTTAGAAAATGGAATTTCAGCAGAA 

VEQEIHRCIN NYLENGISAE 
1081 TATTT AGAAAGTGCAAAGTATAAAGTAAAAGCACATTTAACTTATGCATTTGACGGACTA 

YLESARYRVRAHLTYAFD6L 
1141 ACTTTCATATCATATTTTTATGGCATGCATCTAATACTAGGAGTACCGCTATCAGAAATC 

TFISYFYGMHLILGVPLSEI 
1201 AGTAATATTTACGATACCATAGACAAAGTAAGTATCCAAGATGTTAACTCCGCTATGGAA 

SN IYDTIDKVSIQDVNSAME 
12 61 AATATCTTTCAAAACAATATAAGATTAACCGGGCATTTATTACCTAAT GGAGA ATAGTTA 
NIFQNMIRLT6HLLPN6E* M 
1321 TGAGAAACATATTGTGTTACACATTAATATTGATTTTCTTTTCATTCAATACATATGCAA 
RNIL'CYTLILIFFSFNTYAN 
1381 ATGATCTCAATATTAACATAAAAGAAGCTACAACTAAAAATAAAATACACTATCTATATG 
DLNINIKEATTKNKIHYLYV 
1441 TTGAACATCATAACCTACCAACAATTTCCTTAAAATTTGCATTCAAGAAAGCAGGATACG 
EHHNLPTIS .LRFAFKRAGYA 
1501 CTTATGATGCCTTTGATAAGCAAGGACTTGCATACTTTACATCAAAAATATTAAACGAAG 
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1561 GATCAAAAAACAACTATGCTCTCAGTTTTGCACAACAATTAGAAGGCAAAGGTATAGACT 

SKNNYALSFAQQLEGKGIDL 
1621 TAAAATTTGATATAGACCTAGACAATTTTTATATATCATTAAAAACCTTATCAGAAAACT 

KFDIDLDNFYISLKTLSENF 
1681 TTGAAGAAGCCCTAGTTTTACTCAGTGATTGCATATTCAACACCGTCACAGATCAAGAAA 

EEALVLLS DCIPNTVTDQEI 
1741 TATTC AATAGAATAATAGCAGAACAGATTGCACATGTTAAATCATTATATTCTGCTCCTG 

FNRI lAEQIAHVKSLYSAPE 
1801 AATTTATAGCTACAACAGAAATGAATCACGCTATATTCAAAGGGCACCCATA TTCTAACA 

FIATTEMNHAIFKGHPYSNK 
1861 AAGTTTACGGGACATTAAAT ACAATCAATAATATCAACCAGGAAGACGTTGCATTATATA 

VYGTLNTINNINQEDVALYI 
1921 TAAAAAATAGTTTTGACAAGGAACAAATCGTTATCAGCGCAGCAGGAGATGTAGATCCAA 

KNSFDREQIVISAA6DVDPT 
1981 CACAGCTATCAAATTTACTAGATAAATATATTCTTTCCAAATTGCCATCTGGTAATAACA 

QLSNLLDKYILSRLPS6NMK 
2041 AAAATACCATACCAGATACG ACTGTT AAT AGAGAAGACACATTATT ATATGTACAGAGAG 

NTIPDTTVNREDTLLYVQRD 
2101 ATGTACCACAAAGTGTCATAATGTTTGCTACAGACACAGTACCATATCACAGCAAAGACT 

VPQSVIMFATDTVPYHSKDY 
2161 ATCATGCATCAAACTTGTTCAATACTATGCTAGGCGGATTAAGTCTCAATTCAATATTAA 

HASNI.FNTML66LSLNSILM 
2221 TGATAGAATTAAGAGACAAGTTAGGATTAACATACCAT AGTAGCAGTTCACTATCTAACA 

IELRDKL6LTYHSSSSLSNM 
2281 TGAATCATAGTAATGTGCTATTTGGTACAATATTCACTGATAATACCACAGTAACAAAAT 

NHSNVLFGTIFTDNTTVTK C 
2341 GTATATCCGTCTTAACAGATATTATAGAGCACATTAAAAAGTATGGAGTTGATGAAGACA 

ISVLTDIIEHIKKYGVDEDT 
2401 CTTTTGCAATTGCAAAATCTAGTATTACCAACTCTTTTATTTTATCTATGTTAAATAACA 

FAIAKSSITNSFILSMLNNN 
24 61 ATAATGTTAGTGAGATATTGTTAAGCTTACAATTACACGATCT AGATCCGAGTTATATTA 

NVSEILLSLQLHDLDPSYIN 
2521 ATAAATACAATTCTTACTACAAAGCAATAACAATAGAAGAAGTAAATAAAATTGCCAAGA 

KYNSYYKAITIEEVNKIAKK 
2581 AAATTTTATCTAATGAATTAGTAATAATTGAAGTAGGAAAAAACAATAACATAAATGGCA 

I LSNELVIIEV6KNNNINGK 
2641 AACAAATAGATGCTAAAAAACACATACTTGGTTAAGTATACAGGTTATTGTATTTACTAC 

QIDAK RHIL6 * 
2701 AAGTATTCTATTAGGTTGTATTAAGTAAGTATAAGTAGCTTCAATCAAATAAAAAA ACAT 
27 61 TAACCAAAGTGTTAGCTCTACCGGAGAAGCTTATTATAAGCTTTTAACCTGGGATAATAT 

2821 GAAGTTTTGCTAATGTTAAGCAAAAAATTAGTAATCACAATATCAAATTTTCTTTACAGG 
» f 

FIGURE 3 Nucleotide sequence of the putative proAB operon and its coding proteins (ProA and ProB). ProA is 2 nucleotids upstream of 
proB. Nucleotide numbers are indicated on the left. The start and stop codons are indicated in boldface type. Promoter-like region proximal 
to proA is underlined. The potential ribosome-binding sites preceding each gene are indicated underlined boldface types. A potential 
transcription terminator of ttie putative operon is indicated by >< , 



SDS-PAGE and Western blot analysis. The predicted 
molecular mass of rProA is 52,490 kDa, and a band of 
about this size is detectable when both crude and 
partially purified protein preparations of E. coli/pT- 
PROA are subjected to SDS-PAGE analysis (Fig. 6A). 
Similarly, rProB is predicted to be 44,176 kDa, and a 
product corresponding to this size is detectable 
in both crude and partially purified protein 
preparations of E. co/z/pTPROB (Fig. 6A). Western 
blot analysis of the recombinant proteins with anti- 
Xpress™ monoclonal antibodies also confirmed the 
existence of these two proteins (Fig. 6B). 

Western Blot Analysis 

To determine whether ProA and ProB are expressed 
in E. canis and £. chaffeensis, Western blot analysis 



was performed on lysates of E. canis or E. chaffeensis- 
infected DH82 cells. ProA and ProB were detected 
using polyclonal antisera raised against rProA and 
rProB, respectively The predicted molecular weight 
of native ProA is approximately 50 kDa, and anti- 
rProA antibodies detected proteins of similar sizes in 
both E. canis and E. chaffeensis-miecied DH82 cells. 
However, the E. chaffeensis ProA protein appears to 
be slightly larger ttian the E. chaffeensis protein 
(Fig. 7). No specific band was detected in uninfected 
DH82 cells. Anti-rProB serim\ recognizes a 50 kDa 
protein from E. c^zn/s-infected DH82 cells, which is 
close to the predicted molecular weight of ProB 
(50.9 kDa). No specific band was detected from either 
E. chaffeensis-infected DH82 or DH82 cells. 

To determine whether ProA and ProB are com- 
monly recognized by the canine immune response 
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5 ' -ACTCCCAAATAAACT ATTGC AAGGTTATG- 3 ' proAB coding strand 

5 ' . . . GGGG (A) nAAACTATTGCAAGGTTATG- 3 ' 5» RACE results 

impended poly (6) 

FIGURE 5 5'-RACE results revealed that the putative proAB is 
transcribed from a stretch of AAA sequence (underlined) located 
14- 16 bp upstream of the pro A translation start site (boldface type) 
and the 5' end of its mRNA is heterogeneous with various number 
of additional adenines which are not seen on the corresponding 
region of the proAB coding strand. N is 4, 5, 6, or 17 based on four 
times of the 5'RACE results. 



1.5Kt)— 



FIGURE 4 Southern blot analysis of genomic DNA digested with 
Hmdni and hybridized with a PGR product, ProbeB, derived from 
prdb. Larie 1, Hindlll-digested pCH4, lanes 2, 3 and 4, genomic 
DNA extracted from DH82 cells, E. canzs-infected DH82 cells, and 
E. cftajJfeCTisis-infected DH82 cells, respectively; lanes 5 and 6, 
Genomic DNA from HL60 cells and the HGE agent-infected HL60 
cells, respectively. 

during E. canis infection. Western blot analysis was 
performed on partially purified rProA and rProB 
preparations using antisera from three naturally 
infected dogs and one experimentally infected dog. 
Antisera from all of these infected dogs contain 
antibodies recognizing the two proteins. Serum from 
an uninfected dog or specific-pathogen-free (SPF) 
dog did not recognize rProA or rProB (Fig. 8). 

Subcellular Localization 

The location of ProA and ProB in Ehrlichia was 
determined by subcellular fractionation. As 
described in the "Materials and methods" section, 
three bacterial fractions were collected: (1) soluble 
cytoplasmic and periplasmic proteins, (2) inner 
membrane proteins and (3) outer membrane pro- 
teins. Western blot analysis of these three fractions 
with anti-rProA and -rProB sera reveal that both 
ProA and ProB are in the soluble protein fraction, 
although a tiny amount of ProA is detectable in the 
inner membrane fraction (Fig. 9). These results 
indicate that ProA and ProB are either cytoplasmic or 
periplasmic proteins. 

Complementation Analyses proAB 

ProA and ProB share significant identity with the 
zinc proteases PqqF and PqqG, respectively, in 



M. extorquens AMI. To determine whether ProA and 
ProB are functionally similar to PqqF and PqqG, 
plasmids containing the proAB region were trans- 
ferred into M. extorquens AMI pqqF or pqqG mutants. 
PqqF and PqqG are involved in the biosynthesis of 
PQQ/ which is required for M. extorquens growth on 
methanol (Springer et al, 1996). Therefore, the ability 
of pro A and proB to restore the growth of M. extorquens 
pqqF and pqqG mutants on minimal medium with 
methanol as the sole carbon source was scored. 
Neither mutant harboring proAB was able to survive. 



DISCUSSION 

We have cloned and sequenced two Ehrlichia genes 
(proAB), which encode novel proteins (ProAB) which 
show identities with the metallopeptidases in the 
pitrylisin fsmiily. Although their enzymatic function 
is still imknown, these two proteins may be classified 
in the MPP subfamily due to the three properties that 
MPP members have: (1) both of these proteins share 
identities with MPP members, (2) only ProA has the 
putative catalytic domain and (3) ProAB share 
identities with each other (Rawling and Barrett, 
1995). ProA may be the analog of p subunits of MPP, 
while ProB is the probable analog of a subimits of 
this subfamily. 

Based on the BLAST analysis, ProA and ProB show 
high degree of identities with the PqqF and PqqG of 
M. extrorquens AM, respectively. PqqFG has been 
suggested to belong to the MPP subfamily with PqqF 
and PqqG analogous to the (3 and a subunits, 
respectively (Springer et at., 1996). From the recent 
complete genome sequence of several bacteria 
(Freiberg et al, 1997; Tomb et al, 1997; Stover et al, 
2000), the gene products of mpp-like gene pairs were 
also found to share significant identities to those of 
proAB, such as product of y4wA and y4wB in 
Khizobium sp., PA0372 and PA0371 in P. aeruginosa 
and HP0657 and HP1012 in H. pylori Like ProA 
and PqqF, Y4wA and gene products of PA0372 and 
HP1012 contain the zinc-binding domain, while 
like ProB and PqqG, Y4wB and gene products of 
PA0371 and HP0615 show similarities to the MPP 
subfamilies and lack the zinc-binding motif. 
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FIGURE 6 Identification of recombinant ProA and ProB (rProA and rProB, respectively) with SDS-PAGE (Panel A) and Western blotting 
with MAb against Xpress™ epitope (Panel B). Lane M, size marker proteins; lane 1 £. colt (negative control); lane 2, purified rProA; lane 3, 
pTPROA-transformed £. coli; lane 4, purified rProB; lane 5, pTPROB-transformed E. coli. 
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FIGURE 7 Identification of native ProA and ProB from ehrlichal 
organisms with Western blot assay. Samples were probed with 
anti-rProA (A) and anti-rProB (B) rabbit sera, respectively Lane M 
protein size marker; lanes 1 and 4, DH82 cells; lanes 2 and 5; 
£. cflnis-infected DH82 cells; lanes 3 and 6, £. chafeemis-miectQd 
DH82 cells. 



However, tiie organization of the gene pairs in the 
genome are different. In E. canis, M. extrorquens and 
Rhizobium sp, their MPP-like genes are.colocalized 
with the gene coding the zinc-ligand domain on the 
upstream. In P. aeruginosa, the genes are colocalized 
but with the zinc-ligand containing gene on the 
downstream. In H. pylori, they aie located in different 
loci in the genome (Freiberg et ah, 1997; Tomb et al, 
1997; Stover et al, 2000). 

The 5' RACE results reveal heterogeneity at the 5' 
end of the proA transcript resulting from the variable 
addition of extra A residues. This heterogeneity 
may be caused by pseudo-templated transcription 
(Jacques and Kolakofsky, 1991). Pseudo-templated 
transcription (also known as reiterative transcrip- 
tion, traiiscriptional slippage and RNA polymerase 
stuttering (Qi and Tumbough, 1995)) describes 
the process by which a homopolymeric stretch of 
nucleotides are added to a nascent RNA transcript 
by repetitive transcription of a shorter stretch of 
complementary bases (usually 3-7) in the DNA 
template. Pseudo-templated transcription can occur 
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FIGURE 8 Western blot analysis of rProA (A) and rProB (B) with different canine sera. Lane 1, serum from a dog artificially infected with 
E. canis by injection of E. cfl«fs-infected DH82 cells; lanes 2-4, three different field E. cflttis-IFA-positive canine serum; lane 5, normal canine 
serum; lane 6, SPF canine serum; lane 7, the same pooled canine serum used to screen the library. 



in the 5' end, 3' end, or internal region of otherwise 
normally templated RNA. This reaction has been 
found to occur in the mRNAs of prokaryotes, phages 
and eukaryotic viruses. Two essential elements are 
required for pseudo-templated transcription to 
occur: (1) a slippage site containing a short 
homopolymeric stretch of nucleotides (at least 3) 
which serve as the template for the repetitive 
transcription and (2) a pausing-inducing site which 
slows down the movement of the RNA polymerase 
(Jacques and Kolakofsky, 1991) and tihus places 
the polymerase at the slippage site. If pseudo- 
templated transcription occurs at the 5' end of a gene, 

A 

IVt 1 2 3 4 

97k. 

66k. «M 



a promoter can serve as a pausing-inducing site, 
since the polymerase idles at the promoter before 
initiation (Jacques and Kolakofsky, 1991). The proA 
promoter and the three adenine nucleotides at the 
transcription initiation site of proA (Fig. 3) fulfiU the 
two requirements for pseudo-templated transcrip- 
tion. Similar cases in which transcription initiates 
from a stretch of As on the coding strand of DNA and 
results in the addition of a various number of 
pseudo-templated transcribed As in the 5' end of 
the mRNA have been reported (Machida et al, 1984; 
Guo and Roberts, 1990). For example, the late gene of 
bacteriophage 82 and the insA gene of insertion 
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FIGURE 9 Western blot analysis of E. canis subcellular fractions with anti-rProA (A) and anti-ProB (B) antibodies. Lane M, protein size 
marker; lane 1, whole organisms of £. canis; lane 2, soluble protein fraction; lane 3, inner membrane fraction; lane 4, outer membrane 
fraction. The three subceUular fractions loaded here were adjusted to the comparable amount. 
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sequence ISl have 3 and 4 As at their transcription 
initiation sites, respectively (Machida et al, 1984; 
Guo and Roberts, 1990). When transcribed by E. coli 
RNA polymerase, up to 18 or 8 pseudo-templated as 
were appended onto the 5' ends of the late gene of 
phage 82 or insA transcripts, respectively The poly 
(A) heads on late gene mRNAs of the Vaccinia DNA 
virus also result from pseudo-templated transcrip- 
tion of triplet A sequences at transcription initiation 
sites (Jacques and Kolakofsky, 1991). In some cases, 
pseudo-templated transcription has been shown to 
play a role in gene regulation. For example, several 
E. coli genes such as fyrBl, codBA and carAB contain a 
short stretch of thymine bases (at least three) close to 
their transcription start sites (Liu et al, 1994; Qi and 
Tumbough, 1995; Han and Tumbough, 1998). When 
the UTP concentration is high, these thymines are 
repetitively transcribed as uridines in li\e nascent 
transcript. This process induces the release of the 
short transcript from the initiation complex, thus 
preventing the production of intact mRNA. It might 
also play a role in the regulation of proAB expression. 

Southern blot analysis of HmdIII-digested 
chromosomal DNA from E. canis, E, chaffeensis and 
A. phagocytophila with DNA probes derived from 
proA or proB (probe A and B, respectively) indicated 
that genes homologous to proA and proB are present 
in E. chaffeensis, but not in A. phagoq/tophila. This 
finding may be due to the different level of 
phylogenetic divergence among the three ehrUchiae. 
Based on phylogenetic analyses of 16S rRNA or 
groEL sequences in Ehrlichia spp., E. canis and 
E. chaffeenis are classified in the same genogroup, 
whereas A. phagocytophila is classified in another 
genogroup (Walker and Dumler, 1996; Simnner et al, 
1997). Probe A and B showed identical hybridization 
patterns to E. canis and E. chaffeensis DNA. Both 
probes recognized a 2.7kb-fragment in E. canis and a 
2.5 kb-fragment in E. chaffeensis. These results 
suggest that proA and proB are closely linked in 
E. chaffeensis, as they are in E. canis. 

Western blot analysis of E. canis and E. chaffeensis- 
infected DH82 cell lysates with anti-rProA antibodies 
demonstrated that both E. canis and E. chaffeensis 
express ProA in cxilture. Although proB sequences 
are detectable in E. chaffeensis by Southern blot. 
Western blot analysis with anti-rProB antibodies 
only detects ProB expression in E. canis but not in 
E. chaffeensis. There are several possible explanations 
for this finding. First, anti-rProB antibodies may 
not recognize the SDS-denatured ProB homolog 
in E. chaffeensis. Second, the E. chaffeensis ProB 
homolog may be poorly expressed in DH82 cells. 
Finally, proB may be mutated in E. chaffeensis. Further 
cloning and sequencing of the E. chaffeensis proB gene 
is needed to answer this question. Based on this 
finding, ProB may serve as a tool for serologic 
differentiation of E. canis and E. chaffeensis. 



This study has also shown that E. canis expresses 
ProA and ProB in dogs that are naturally infected 
through tick bites or artificially infected by IV 
inoculaton of E. cams-infected DH82 cells, since sera 
from experimentally or naturally E. can/s-infected 
dogs recognized both rProA and rProB. In addition, 
dog anti-E. canis serum detected ProA and ProB in 
E. Cflnfs-infected DH82 cells in Western blot and 
indirect inimxmofluorescent assays. The antigenicity 
and general expression of ProAB in dog host cells 
suggest that these two proteins may serve as good 
tools for serodiagnosis of E. canis infection. 

E. canis subcellular fractionation experiments 
demonstrated that ProA and ProB mainly localize 
in the fraction containing soluble periplasmic and 
cytoplasmic proteins. Analysis of the amino acid 
sequences of ProA and ProB reveals that these 
proteins might both contain N-terminal signal 
sequences. Thus, ProA and ProB may be periplasmic 
proteins like E. coli pitrilysin. Several attempts to 
precisely locate these two proteins by iixununogold 
labelling have been failed. However, ProA and ProB 
appear to co-localize, suggesting that they may 
directly interact like other MPP-a and -p subunits, 
which need to cooperate to form active complexes 
(Rawling and Barrett, 1995). 

To date, none of the enzymatic functions of the 
bacterial MPP-like proteins have been identified. 
However, based on genetic studies, the gene 
products of pcjcjFG in the facultative methanol- 
utilizing bacterium M. extrorquens AMI have been 
identified to be required for PQQ biosynthesis 
(Goodwin and Anthony, 1998). PQQ is tiie non- 
covalently boimd prosthetic group of many quino- 
protein dehydrogenases, including MDH and some 
GDH of Gram-negative bacteria (Neijssel, 1987). 
PQQ is formed by fusion of glutamate and tyrosine, 
but the biosynthetic pathway is unknown (Duine 
and Jongejan, 1989). pqqF and pqqG mutants of 
M, extrorquens lose the ability to grow on meditrm 
that contains methanol as the sole energy source. 
Although ProA and ProB show significant identities 
to PqqF and PqqG in M. extrorquens AMI, respect- 
ively, proAB failed to restore the growth of pqqF and 
pqqG mutants on methanol. This result may indicate 
that the degrees of similarities between the two pairs 
of proteins are not high enough to allow ProAB to 
functionally replace PqqFG. However, it is also 
possible that proAB are not expressed well enough in 
M. extrorquens to allow complementation. 

In conclusion, we have cloned and sequenced the 
E. canis proA and proB genes, which encode proteins 
that may be new members of the MPP metallopepti- 
dase subfamily. The 5' end of the proA transcript 
appears to contain additional pseudo-templated 
A residues. Therefore, pseudo-templated transcrip- 
tion may play some role in the regulation of the 
putative proAB operon. The proA and proB genes 
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were detected in E. canis and E. chaffeensis, but not in 
A. phagoq/tophila. ProA was detected in both £. canis 
and E. chaffeensis, while ProB was only detected in 
E. canis. The finding that ProA and ProB are 
expressed in E. canis during both natural and 
experimental dog infections indicates that these 
proteins may be useful for serodiagnosis. Whether 
the proAB genes play a role in the pathogenesis of 
CME is imknown. It is impossible to study the 
functions of ProA and ProB in vivo due to the lack of 
genetic tools, such as allelic exchange and /or 
transposon mutagenesis, in Ehrlichia. However, 
further characterization of the function of these two 
proteins may offer significant insights into their roles 
in CME caused by E. canis. 
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A clone expressing a novel immiinoreactive leptospiral immunoglobulin-Iike protein A of 130 kDa (LigA) from 
Leptospira interrogans serovar poniona type kennewicki was isolated by screening a genomic DNA library with 
serum from a raare that had recently aborted due to leptospiral infection. LigA is encoded by an open reading 
frame of 3,675 bp, and the deduced amino acid sequence consists of a series of 90-amino-acid tandem repeats. 
A search of the NCBI database found that homology of the LigA repeat region was limited to an immuno- 
globulin-Iike domain of the bacterial intimin binding protein of Escherichia coli, the cell adhesion domain of 
Clostridium acetobutyiicum, and the invasin of Yersinia pestis. Secondai-y structure prediction analysis indicates 
that LigA consists mostly of beta sheets with a few alpha-helical regions. No LigA was detectable by immu- 
noblot analysis of ly sates of the leptospires grown in vitro at 30°C or when cultures were shifted to 37^C. 
Strikingly, immunohistocheniistry on kidney from Icptospira-infected hamsters demonstrated LigA expression. 
These findings suggest that LigA is specifically induced only in vivo. Sera from horses, which aborted as a result 
of natural Leptospira infection, strongly recognize LigA. LigA is the first leptospiral protein described to have 
12 tandem repeats and is also the first to be expressed only during infection. Thus, LigA may have value in 
serodiagnosis or as a protective immunogen in novel vaccines. 



Leptospira interrogans causes leptospirosis (Weil's disease), a 
zoonotic disease that is prevalent in people, horses, cattle, and 
wild animals. The disease occurs widely in developing coun- 
tries, such as Brazil and India, and is reemerging in developed 
countries. In addition to hepatic and renal failure, uveitis is 
sometimes a sequela to leptospiral infection (30). Although the 
incidence of human leptospirosis in the United States is rela- 
tively low, disease incidence in domestic animals has increased 
in recent years. 

Leptospiral infection in people can range in severity from an 
inapparent infection to death from renal or hepatic failure 
(11). Infection is acquired either directly or indirectly from 
infected animals. In horses, the most common manifestations 
of infection are abortion and uveitis (29). L. interrogans serovar 
pomona type kennewicki is the predominant serovar isolated 
from aborted equine fetuses, whereas L. interrogans serovar 
grippotyphosa is found less frequently (7-9). The association 
of leptospires with equine recurrent uveitis (16) has been well 
documented, and the organism has been detected in ocular 
fluids by culture and PGR (31). In addition, Parma et al. 
demonstrated by. Western blotting the reactivity of several 
baiids in extracts of equine cornea and lens with antileptospiral 
sera (27, 28). Although there is a strong association between 
leptospiral infection and uveitis, the immunopathogenesis of 
leptospira-associated uveitis remains obscure. 
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Currently available leptospiral vaccines have low ellicacy, 
are serovar specific, and generally produce only short-term 
immunity in domestic livestock. Efiforts to identify immuno- 
genic components of value in vaccines have resulted in char- 
acterization of 31-, 32", 36-, and 41-kDa outer membrane pro- 
teins (12-15, 32, 33). Two of these proteins (31 and 41 kDa) 
function synergistically in the immunoprotection of hamsters, 
suggesting that an effective protein-based vaccine would con- 
tain several components (13). The search for protective immu- 
nogens is complicated by the possibility that important com- 
ponents may be produced only during infection. Supporting 
this possibility are recent studies that indicate that some im- 
munogenic proteins of L. interrogans serovar pomona are up- 
regulated at 37*'C (24). 

The present study was initialed to identify and characterize 
immunogenic Leptospira proteins that are expressed during 
infection. The gene for one such immunoreactive immuno- 
globulin-like 130-kDa protein (LigA) of L. interrogans serovar 
pomona type kennewicki has been characterized and shown to 
be expressed in vivo. *" 



MATERIALS AND METHODS 

Bacterial strains and culture conditions. L. interrogans serovar pomona type 
kennewicki was provided by M. Donahue (Diagnostic Laboratory, Department 
of Veterinary Science, University of Kentucky), who isolated this strain from a 
case of equine recurrent uveitis. Other serovars were obtained from the Amer- 
ican Type Culture Collection and maintained in the diagnostic laboratory at 
Cornell University. Leptospires were grown on PLM-5 medium (Intergen) at 
30*C. Growth wa.s monitored by dark-field microscopy. Temperature regulation 
was airried out as previously described (24). 
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Sera. Sera were obtained from marcs tliat had recently aborted due to lepto- 
spiral infection. These sera had high titers for L interrogans serovar pomona, as 
determined by the microscopic agglutination test. In most cases, the diagnosis 
was confirmed by microscopic detection of leptospires in fetal tissues and the 
placenta. Rabbit antileptospira! antibody was obtained from NVSL, Iowa (3 098- 
LEP-FAC). Antisera to LipL32 and LipL36 were kindly provided by D. A. Haakc 
(University of California at Los Angeles). 

Genomic DNA libraiy. Genomic DNA was prepared from L. interrosan sero- 
var pomona kennewicki as previously described (6). Partial restriction digestion 
was performed with T5P5091. and the digested fragments were ligated into 
predigested Lambda ZapII(Stratagene). Ligated DNA was packaged into Giga- 
pack H Gold packaging extracts and stored in 0.3% chloroform. After transfcc- 
tion into Escherichia coli MRF' XLl-Bluc (Stratagenc), the library was plated, 
amplilied, and screened with convalescent mare's serum according to the man- 
ufacturer's instructions. 

DNA sequencing and analysis. DNA sequencing was done with an ABl model 
377 automated nucleic acid sequencer at the Bioresource Center, 0>rnell Uni- 
versity. Homology searches were performed with the NCBI datubii.sc and BLAST 
(1). Secondary structure, hydrophobicity, and antigenic index predictions were 
obtained by using PCgene and DNAstar. 

Expression of LigA in E. coli, Iig4 without the signal sequence (deletion of the 
N-tcrminal 31 amino acids) was amplified with primers (sense ^5'>GGG i i i CA 
IATGGCrGGCAAAAGAGGC-3'] and antisense [5'-C CCTCGAGT GGCTC 
CGTTrTAAT-3']) and subcloned into Ndel-Xhol sites of pET22b (Novagen, 
Madision, Wis.). The rcaimbinant plasmid was transformed to E. coU BL21 
(DE3) and expression was induced by IPTG (i.sopropyl-3-i>-thiogalactop>Tano- 
side) as previously described (4). 

A 90-kDa truncated LigA protein was subcloned into the Xhol-BamHl sites of 
pETlSb (Novagen) by PCR wiUi primers (sense |5'-TCGAGGTCTCTCCAGT 
TH ACC-3'] and antisense fS'-G CGGATCC rGTnTCArG'n'AlXjGClCC- 
3'j). The resulting plasmid was transformed into E. coH BL21(bE3). and the 
truncated recombinant LigA fusion protein was isolated from a lysalc of BL21 by 
affinity chromatography on His-Bind resin (Novagen). 

Preparation of LigA-specific rabbit antiserum. Antiserum to a 90-kDa trun- 
cated LigA protein was prepared in adult New Zealand White rabbits. Rea)m- 
binant truncate was purified from periplasmic proteins of E coli Nova-Blue that 
contained pKS (Stratagene) encoding a 5-kb ^<i/nHI-.yfl/I fragment or by aflinity 
chromatography on Avidgel F(UniSyn Technology, Inc., Tustin, Calif.), to which 
immunoglobulin G (IgG) from convalescent mare's serum had been coupled. 
The rabbits were Immunized subcutaneou.sly with 50 p,g of the 90-kDa truncated 
LigA mixed with complete Freund adjuvant on day 1, followed by a booster 
inoculum of 50 |ULg of protein and incomplete Freund adjuvant on days 10 and 19. 
On day 35, the rabbits were boosted intravenously with 50 p-g of protein and then 
bled on day 4.*^. 

SDS-PAGE and immunoblot analysis. Purified truncated LigA protein was 
subjected to sodium dodecyl suifate-polyacrylamide gel electrophoresis (SDS- 
PAGE) and immunoblot analysis as previously described (3, 6). Rabbit anti- 
scrum to truncated LigA or convalescent mares' sera were used as primary 
antibodies. Blots were developed with peroxida,se-conjugated protein G or goat 
anti-horse IgG conjugated to alkaline phosphatase (KPL). Reactive bands were 
Nasuaiized by using 4-1-chloronaphthol (0.5 mg/nil) or nitroblue tctrazolium- 
BCIP (5-bromo-4-chloro-3-indolylphosphalc) as appropriate, 

Imraunohistochemistry. Immunohistochemistry was performed on normal and 
leptospiral infected hamster kidneys with biotin-streptavidin-horse radish perox- 
idase according to the manufacturer s instructions (Zymed Laboratories. South 
San Francisco. Calif,). The chromogen was Nova Red (Dako. Carpinteria, Cal- 
if.). The primary antibody was rabbit antiserum specific for truncated LigA and 
was titrated by using a twofold- serial dilution from 1:10 to 1:320. Negative 
controls consisted of nonimmune rabbit serum diluted .1:10, 1:20. and 1:40. 
Anti-LipL32 was used as a positive control. 

Kidneys were removed from leptospiral infected and normal hamsters eutha- 
nized as part of an unrelated research project. These tissues were immediately 
embedded in O.C.T. Compound (Miles. Elkhart. Ind.) and snap-frozen in 
2-mcthyi butane (Sigma, St. Louis, Mo.) prcchilled to the point of freezing in 
liquid nitrogen. Tissues were .sectioned at 6 fim, mounted on Microscope Plus 
slides (Fisher Scienlific), fi.xed in acetone for 2 min, and air dried. Endogenous 
peroxidase was quenched for 10 min in 0.3% hydrogen peroxide in 0.1% (wt/vol) 
sodium azide and rinsed for 3 min in 0.01 M phosphate-hulTcred saline (pH 7.6: 
PBS). Sections were then blocked with 10% heat inactivated goat serum for 10 
min. Tlie blocking serum was tipped off, and the primaiy antibody was applied 
for AO min at room temperature. After three rinses in PBS, a 1:400 dilution of 
biotinylated goat anti-rabbit IgG was added for 20 min. Sections were rin.sed 
three times and then incubated with a 1:400 dilution of the streplavidin-pcrox- 



idase reagent for 10 min. After the riasing step, the chromogcn-substrate mixture 
was added to the sections* and the reaction was monitored under the microscope 
undl well developed or until background developed. The slides were again rinsed 
in PBS, counterstained lightly with Gill's #1 hematoxylin (ca. 30 s), and then 
rinsed in tap water. After dehydration in two changes of graded ethanol to 100% 
for 2 min each, the sections were cleared in four changes of 100% xylene for 2 
min each and mounted with Fisher Permount. 

PCR amplification of lig.4 in pathogenic serovars. Using a primer pair specific 
for ligA, PCR was performed on pathogenic serovars, including L. interrogans 
serovar pomona type kennewicki. L. kirscimm serovar grippotyphos:i, L, inter- 
rogans serovar hardjo type hardjobovis, L. interrogans .serovar icterohaemorrha- 
giae, and L. intctrogans serovar canicola. The sequence of the forward primer was 
5'-GGA.ATTCATGTTAAAGTCACTCCT-3', and that of the reverse prim- 
er was 5'-CCGCrCGAGCrrFlTAATAGAGGC-3'. Amplification conditions 
were as prcviou.sly described (5). PCR products were purified by u.sing a gel 
purification kit (Qiagen) and digested with BamHl and ////idlll to detect restric- 
tion polymorphisms. 

Enzj-me- linked immunosorbent assay (ELIS.4). Weils of 96- we II polystyrene 
plates (Falcon y)\2 Microtest III; Becton Dickinson, Oxnard, Calif.) were coated 
overnight at 4*0 with 0.15 p.g of truncated recombinjuit LigA in 100 (tl of PBS, 
washed, blocked with 2% skim milk in PBS (pH 7.2) with 0.05% Tween 20. and 
then incubated with a 1:100 dilution of horse serum in triplicate wells for 2 h at 
37'C. After a washing step, peroxida.se-conjugated protein G (1:8,000) was added 
(100 p.1) to each well, followed by incubation for 2 h at 37*C. Finally, the plates 
were washed and developed with fresh substrate consisting of 0.07% ortlio- 
phcnylencdiaminc and 0.05% hydrogen peroxide in citric acid phosphate buffer 
(pH 5.0). After the reaction was stopped by the addition of 50 p.1 of 3 M sulfuric 
acid, the absorbancc was read at 490 nm in an automated plate reader (Biotcx, 
Winooski. Vt.). 

Statistical analysis. Analysis of variance was used tu determine whether there 
was a significant difference in the mean optical density (OD) reading for each of 
the sera used in the pre.scnt study. Multiple comparisons by u.sing the Icast- 
significant-difference method were performed to identify which OD mean Wtis 
significantly different from the other. The analysis was performed by using Statis- 
tix software (Analytical Software. Tallahassee, Fla.). 

Nucieotide sequence accession numbers. The GenBank accession number for 
the nucleotide sequences of HgA is AF368236. 



RESULTS 

Identification, sequencing, and expression of LigA. Screen- 
ing of the L. interrogans genomic library with convalescent 
mare's serum yielded numerous positive clones, one of which 
contained an insert of 3,993 bp and expressed a protein that 
was encoded by an open reading frame of 3,675 bp (Fig. 1). 
The deduced sequence consisted of 1,225 amino acids with an 
estimated molecular mass of 129,041 Da and a pi of 6.35. An 
N- terminal signal sequence of 31 amino acids was predicted by 
using the Signal? program (25). Twelve or more tandem re- 
peats of 90 amino acids were detected in LigA (Fig. IB). 
Analysis of the sequence by using the NCBI database and 
BLAST revealed homology with the immunoglobulin-like 
domain of E. coli intimin (GenBank accession number 
AF252560), the putative invasin of Yersinia pestis (AJ41459), 
and the ceil adhesion domain of Clostridium acctobiitylicwn 
(AE007823) (data not shown). LigA tandem repeats that 
showed homology with bacterial imniunoglobulin-like domains 
(Igll, CD:pfam02368; Igl2, CD:smart00635) are represented 
in Fig. IB. 

Expression of LigA in E. coli but not in leptospiral lysates. 

£, coli containing intact ligA without its signal sequence ex- 
pressed LigA only after IPTG induction (Fig. 2), but LigA 
expression was toxic to E. coli, resulting in a 50*fold decrease 
in viability of cells (data not shown), which is similar to that 
found for OmpLl of Leptospira (15). However, the expression 
of a 90-kDa truncated LigA was not toxic to E. coli cells (data 
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ACAGCAAAYACACAAAATGAAAACTTCAAATAAATAAACACAGCAAATACACAAAATGAAAACTTTAAATAA 
AACAATTAGAGTGAGTGTTTArCAAGAAAATATTTTGTATTTCGATTTTTCTTTCGArCTTTTTTCAAACTT 

MKKlFqiSIFLSMFFOS 
GTArGTCTTGGCCACTTTTAACCAGTCTCGCGGGTTTAGCAGCTGGCAAAAGAGGCCGGCATTCATCTTTTT 
CMSWPLI, TSLAGLAAGKRGGDSSr 
TCCACC'nCl'GTTAGGTAACTCCGATCCGACTATTACAAGAA'lCGAACTCACTTATCAAGATTCGTC-I'ATCG 
r H L L L.C NSOPTITRIELSYOPSSI 
CAAACGGTACCAGTACAACCCTACAAGTTACCGCAATCTTTCATAACGCAACAAATCAGAATATTACGGATT 
ANGTSI TLEVTAI FtJHGTNQNITD 
CGACATCCATCGTCCCCGATTCCCAATCCGTTGTAACCATCCAACGTAACAGAGTCACAGGAATCGCTTCTG 
STSIVPDSOSVVTIQGNRVRCIAS 
GTTCTTCCATTATAAAAGCAGAATATAACGGCCTGTACTCTGAACAAAAAATTACAGTTACACCAGCCACTC 
GSSl TKAEYNGLYSEQKITVTPAT 
TTAACTCAATTCP-RGTTACGAGTTTAGAGTCAGGTATACTACCTAAAGGTACTAATCGTCAATTCTCAGCCA 
LNSroVTSLESGILPKGTNROFSA 
TCGGTATCTTTTCGGATGGTTCTCATCAGGATATTTCCAACGAQCCATTGATCCTTTGCTCCTCCAGTAATC 
IG 1 fSDGSHOOrSNDPLIVWSSSN 
CTGATTTCGTTCAAGTAGATGATTCAGGGTTGGCCTCAUGGATCAATTTAGGAACAGCTCaTATTCGTCCAT 
PDLVQVDDSGLASGl HL6TA.HI RA 
CCTTTCAATCAAAACAAGGCGCTGAAGAAATGACCGTTGGAGATGCTGrTCTTTCTCAAATCCAAGTAACTT 
SFOSKQGAEEMTVCOAVLSQIOVT 
CAAACAATCCGAATATTCCTCTCGGAAAAAAACAAAAACTAATAGCTACGGGAATCTATTCACATAACTCTA 
SNNPHIPLGKKQKLIATGIYS DHS 
.ACAGCGATATTTCCTCTTCTGT7ATCTCGAATTCTTCTAATTCCACTATCGCTAATATTCAAAACAACGGAA 
NRDI SSSVIWNSSHSTIANIO.NNG 
•rATTAGAAACAGCTGATACTGGrATTr,TCACTATTTCTCCTTCTAGC6Aa\ATATAATACCCTCCGTAAAAC 
ILETADTGIVTISASSENI IGSVK 
TAATCGTTACTCCAGCAGCCTTAGTTTCTATTTCTGTTTCTCCAACAAATTCTACACTACCAAAAGGTTTAC 
LI VTPAALVS ISVS PTNSTVAKGL 
AAGAAAACTTTAAGGCTACAGGGATCTTTACAGATAATTCAAACTCCCATATTArCGArCAAGTTACTTGGG 
QENFKATG: FTDMSNSOITOOVTW 
ATTCTTCTAATACCGATATTCTCTCAATTTCCAATGCAAGTGATAGCCACGGGTTACCT7CCACACTCAACC 
0£:SHTDII.SISMASDSHGLASrLN 
AAGGGA ATCTTAAAGTCACTCCTT CCATCCCTCGAATACAACGATCCACT6ATTTTACAGTTACACAAGCTG 
QUNVKVTAS ICCIQGSTDF TVTQA 
rTTTfiACTTCGATCGAAGTCICTCCACTTTTACCTTCCATTGCAAAAGGACTAACTCAAAAGTTTACTGCGA 
ALTSIEVSPVLPS lAKGI. TQKFTA 
TCGGGATTTTTACGGATAATTCTAAAAAGGATATTACGGATCAAGTCACTTGGAATTCTTCTTCAGCAATCG 
ICIFTDNSKKDITDOVTWNSSSAI 
TAAGCGTGTCTAACtTAGACGACAATAAAGGTCTGGGAAAAGCTCACGCTGTTGGAGACACGACTATTACCG 
VSVSNLDO«KGLGKAHAVGDTTIT 
CAACCTTAGGAAAAGTTTCAGGTAAAACTTGGCTTACrGTAGTTCCTGCGGTTCTCACTTCTATTCAAATCA 
ATLGKVS6KTWLT VVPAVLTS lOI 
ATCCTGTAAATCCTTCTCTTGCAAAAGGGTTAACTCAAAAATTTTCTGCTACAGGGATCTACTCTGACAACT 
NPVNPSLAKGL TOKfSATGIYSDH 
CTAACAAGGACATCACTTCCGCTGTTACGTGGTTCTCACCCGATTCTTCAATCCCGACGATTTCAAACGCCC 
SMKDITSAVTWFSSDS5IATISNA 
AAAAAAATCAACGAAACGCTTACGCAGCAGCrACAGGAGCAACGGATATTAAAGCCACATTCGGAAAAGTAA 
OKHOGNAVGAATGATOrKATrCKV 
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CCPAAGCAAAAGGACTCACAGAAACATTCAAGGCTACTCGTATCTTTACGGACAACTCAAATTCCGATATTA 
SKAKGLTERKKATGI FTDNSNSDI 
CAAATCAAGTTACTTGGAATTCC-rCTAATACGGATATTCTTACCGTTTCCAACACAAACGCCAPJVCGCCCAT 
TN0VTWNSSN70I LTVSNTWAKRG 
TAGGTTCCACTTTAAAACAAGGAACTGTTAAAGTrACCGCTTCTATGGGTGGAATCGAAGATTCTGTAGATT 
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LGS'rLKOGtVKVTASHGGI 

TTACCGTCACACAGGCGACTTTCACTTCGATCGAAGTCTCTCCAACTCGCGCrrTCXSATTGCAAAAGGAATRA 
P T V T'O ATLTSI BVSPTRASIAKGN 
CTCAAAAATTTACGGCTACAGGTATTTTTACGCATCATTCTAAGAAGAACATTACAGAGCAAGTCACCTGGA 
TOKFTATGIFTDHSKKNITEQVTW 

AGTCTTCTTCGAAAGCATTAAGTATGTTCAATGCACCTGGTGAAGAAGCAACAGGTAAGGCGATTGC^GTTG 
KSSSKALSMI, NAPGEtGTGKAIAV 
GAAAACATTACTATTACTGCAACCTTAGAAAAACTTTCCGGGAAAACAGATATTACCGTVACTCCCGCAATT 
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CTTACTTCAATTCAAATCAGTCCTGTAAAAACATTGTTCTTGTCAAAGGGTTAACAGAAAAATTTTCTGC'I'A 

SYrNSMQSCKNlVLVKCLTS,KrSA 

CAGGTATCTACTCTGATAATTCCAGCAAGGACATCACTTCCGCTCTTACGTGGCATTCGTCCAACAACTCTG 

TGiySDNSSKDITSAVTWIISSKN£5 

TTGCAACGATCTC.«iAACACAAAAGGTTACCAAGGACAAGCTCACGG/\ACCGGTACAGGAACAGTGGATATTA 

VATl SNTKCYQGQAHCTGTG'rvOI 

aagcgacattggcaaatgtaagcagccaggtttccagattatcccttaccgcacicggaacttattgaga'itg 

katlgnvssovsrlsvtaae:,iex 

tattagatcccacttcatctcacaaagccaagggacttactgaaaattttaaagcgaccc6cgtatttacgc 

vloptsshkakgutenfkatgypt 

ataattcgaccaaagatattaccgaccaggttacttggaaatcttccaaaacaccctacgc/\aaaatttcaa 

DNSTKOITDOVTWKSSKTAYAKIS 
ATGCGACTGGAAGTAAACGGGTTGTTAATGCAATCTCGAAGGGAACGACCCACATCTCCGCTACCTTACCTT 
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CAATTTCAAGTRCAAATGCGACATTCCAAGTTACTCCGGCTAAAGTAGTTTCGATCr,Ar,GTCATTCCGAATA 

SISSANATFGVTPAKVVSIEVI PN 

ACATATCTTTTGCAAAAGGAAACAGTTATCAATTCAAAGCAACTGGAATCTACACCGATCATTCAGAAGCAG 

KISFAKGNSYQFKATGIYTDHSEA 

ACATTACTGAACAGGTAACCTGGTCTTCCTCGAATCCGAAAATCGCATCAGTAGAAAACACCTTCGGATCAS 

DITEOVTMSSSNPKIASVeHTFGS 

CTGGTTTGGTTAACACAACCAATATTGGAAGTACGAATATCACTGCAAAGrrATCCCATACCGTATCACGTG 
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AAGGTTATACAAAACAATT7TCAGC6ATAGGCACTTACTCGGATCAA7CTACCAAGGArTTGACTGAGGATG 
KGY7KQFSAI G7yS00£fKDl.TED 
7AACTTGGT7C7CCTCCAATCCTTC:TARTGT7f;7B.ATT(;AAAACACTf:rcr,r,CAAAAAAt-GTCTCGCG7TCG 
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CT7C7GAATTAGGAGAACCCGACATTACGGTAT7CTACGATCACCACACTCAGAGTTCrTATAC7CCAGTTA 

ASELGEPnTTVFYOJ!HTOr»SyTPV 

CGG77ACGGAAAG7GG7ATAG7AAATATCAC7A7TAGTC-:-TTC7TCCATlTCCAAAACCAAAGGTTCAACCC 

T V7ESGI VNI TISLSSISKTKGST 

A7CAA777AAAGC7ACCGGAAAGTTTCAGAATGGTGCC6AAATAGATCTCACrrGAACTTGTAACTTGGAGTT 

HOFKATGKFENGAEIDLTEI. VTWS 

CTTCCAA7CCTACGGTGGTTTCTATTACCAATGTTGATGACGAAAGAGGTTTGGCAACTGCTCTT7CCGTAC 

5SKPTVV5 I SNVODCRGLATALSV 

CTTCCTCCAAAATATCTGTAGATTACAATTCTATCAGTAGCTCTATCGATTTTGAAGTAACTCCACAAATA7 

GSSKISV0YNS-ISSSIDFEV7PKr 

TAGCCTC7ATTAAAACGGAGCCATAACATGAAAACA7TAACAA7G777ACACA77CGCrAAAMCAAACAA7 
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GAGT7CGTGACCTT7CTTTATTACGAArrCATTGAGTTATTTGAATAACCCCGATTTTATGGAAAAGGAGCA 

ACTCAAGTTTATCGGTATCATTTCTAACCTATCGACCTTGTGATCXSTTTCrrTCTmcrW^mGTTC 

AAAAACACGCCGCAGATTCroCGGAGTGTTTT? 
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FIG. 1. (A) Nucleotide sequence of {igA and its deduced amino acid sequence. Italics regions are the three possible translation start codons. 
Bold and underlined nucleotides mdicatc primer annealing sites for Fig. 2 and 6, respectively. Arrows show the potential transcription termination 
sequence. (B) Alignment of the predicted amino acid sequences for the 12 tandem repeats and the immunoglobulin -like domain of E. coll 
iniim in-binding (receptor) protein (1^11, CD:pfam02368; Igl2, CD:smart00635). Twelve repeat sequences of a 90-amino-acid sequence include 
residues from 136 to 218, 224 to 310. 311 to 400, 401 to 489, 490 to 580. 581 to 670, 671 to 760. 761 to 851, 852 to 942, 943 to 1033, 1034 to 1125. 
and 1126 to 1216, respectively. 



not shown). Immunoblotting of whole-cell lysates of L. inter- 
rogans serovar pomona type kennewicki grown at 30 and 37*'C 
with LigA-specific polyclonal rabbit serum did not show any 
detectable level of LigA (Fig. 3). In contrast, LipL32 was ex- 
pressed by cultures grown at both 30 and 37°C, whereas LipL36 
was downregulated at 37''C. 

LigA expression in vivo in Lep/05/;<ra-infected hamsters. In 
order to examine LigA expression during leptospiral infection, 
inimunohistochemistry was performed on kidneys from normal 
and leptospira-infected hamsters. LigA was expressed only in 
leptospira-infected hamster kidney (Fig. 4A), High-titer rabbit 
antileptospiral serum, as well as antiserum to LipL32, reacted 
with Icptospires in experimentally infected kidneys (Fig. 43 
and C). LipL36, which is not expressed by L. krischneri .serovar 
grippotyphosa in infected hamster kidneys (2), was detected 
around the pro.ximal convoluted tubules in L. interrogans sero- 
var pomona-infected hamster kidney at a 1:50 dilution of an- 
tiserum to LipL36 (Fig. 4D). Preimmune rabbit serum did not 
react (Fig. 4E), and no immune serum reacted with nonnal 
hamster kidney (data not shown). 

LigA-speciiic antibody in the sera of convalescent mares and 
aborted fetuses. All convalescent-phase sera showed strong 
reactivity with recombinant LigA by Western blot analysis. 



Negative control horse sera derived from Bonelia biirgdorfen 
(5), human granuloctyic ehrlichiosis agent (HGE) infection 
(4), and naive horse sera were unreactive (Fig. 5). The utiliza- 
tion of LigA in ELISA also showed strong reactivity to the 
convalescent-phase sera (Table 1). The mean OD for the lep- 
to.spiral positive sera (Ml to M8) was significantly different 
from the negative control sera (LI to L5) and from sera ob- 
tained from HGE (El and E2)- and B. burgdorferi (Nl to 
N4)-infected animals (P < 0.05). 

Detection of ligA in other serovars by PGR. PGR amplifica- 
tion revealed the presence of ligA in genomic DNA of the 
pathogenic serovars hardjo, grippotyphosa, icterohaemorrha- 
giae, and canicola (Fig. 6 A). Restriction analysis with BamHl 
revealed no differences in fragment patterns. However, 
Hindlll digests revealed that lig.4 was more highly conserved in 
L. interrogans serovar pomona and L. kirchneti serovar grippo- 
typhosa than in other serovars (Fig. 68). 

DISCUSSION 

Characterization of bacterial antigens expressed only during 
infection is essential in gaining a deeper understanding of 
infectious diseases such as leptospirosis. Immunoscreening of 
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FIG. \— 'Continued. 
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gene libraries with convaIescent>phase senim is a powerful tool 
in the discovery of these in vivo-expressed immunogens, which 
would otherwise be difficult or impossible to identify. We have 
previously shown that sera from horses which aborted as a 
result of naturally acquired L. interrogans serovar Pomona type 
kennewicki infection recognize numerous periplasmic and 
outer membrane proteins, some of which are regulated by 
temperature (24). In the present study, an immunoscreening of 
a genomic library of L. interrogans serovar pomona type ken- 
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newicki resulted in the identification of LigA, a novel highly 
immunogenic protein expressed during equine infection. 

LigA is mostly hydrophilic, with some hydrophobic regions 
located at residues 4 to 24, 306 to 326, 402 to 422, 490 to 510, 
and 1034 to 1054 (Fig, 1) and consists of beta sheets with a few 
alpha-helical regions. An Ala-Lys-Glu-Leu-Thr peptide repeat 
occurs at positions 416, 505, 594, and 867 corresponding to 
alpha-helices. LigA contains 12 or more tandem repeats of a 
90-amino-acid sequence (Fig. IB). Analysis of the nucleotide 
• sequences by using the NCBI database and BLAST revealed 
no homology other than that occurring between the repeat 
region of LigA and ihe immunoglobulin-like domain of in- 
timin-binding protein (int) of E. colt (17, 21, 23), the invasin of 
y pestis (18, 19), and a cell-binding domain of C. acetohuiyli- 
cum (26). Based on these similarities, it is possible that LigA 
may also serve as an adhesin molecule. Further work is needed 
to clarify its role in adhesion. In the Streptococcus M6 protciii, 



-49.8 



f# -35.8 

FIG. 2. Expression of LigA in E. coll. Whole-cell lysates of £. coli 
were subjected to SDS-PAGE, transferred to nitrocellulose, and blot- 
ted with a 1:100 dilution of rabbit antiserum to the 90-kDa tnmcated 
LigA. Lanes 1 and 2, £, coli with vector, pET22b only; lanes 3 and 4, 
E. coli harboring pET22b plus ligA construct; lanes 2 and 4, E. coli was 
induced with 0.4 mM IPTG; lane 5, prestained molecular size markers 
(Bio-Rad). 
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FIG. 3. LipL32 and LipL36 but not LigA expression are tempera- 
ture regulated Lane 1, whole-cell lysate of leplospires grown at 30°C; 
lanes 2, 3, 4, 5, and 6, cultures 2, 3, 4, 5, and 6 days old, respectively, 
of leptospires grown at 37°C. Each lane was loaded with '-5.0 p-g of 
protein. 
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FIG. 4. LigA expression in hamsters infected with L. interrogans serovar pomona. Sections of kidney were treated with rabbit antiserum specific 
for a 90-kDa truncated LigA (A), L. interrogans serovar pomona (B), LipL32 (C), LipL36 (D), and with preimmune serum (E). Kidney sections 
from noninfected hamsters were unreactive. Bar, 67 jim. 



alteration in the number of tandem repeats changes the anti- 
genic determinants (20). In the case of parasites such as Plas- 
modium. Leishmanial and Trypanosoma , a strong antibody re- 
sponse is induced against immunogenic proteins containing 
tandem repeats, suggesting that these repetitive epitopes may 
camouflage vulnerable parasite antigens from a "protective" 
immune response (10). Overall, variation in the number of 
tandem repeats may cause antigenic variation, immune escape, 
and alteration in substrate binding properties. Thus, it is plau- 
sible that Leptospira evades immune response by variation in 
tandem repeats of LigA. 

Although sera from recently aborted mares reacted strongly 
with the 90-kDa truncated LigA, the protein was not detect- 
able by immunoblot in leptospira lysates cultured at 30 and 
37X. In contrast, LipL32 is expressed at both 30 and 37°C, 
whereas LipL36 expression is growth phase dependent (13, 



24). This indicates that LigA is not expressed or thennoregu- 
lated under in vitro culture conditions. 

However, immunohistochemistry with rabbit antiserum spe- 
cific for a 90-kDa truncated LigA revealed expression of LigA 
in kidneys of infected but not uninfected hamsters. A commer- 
cially available high-titer leptopsiral antiserum showed strong 
reactivity to the ieptospiral organisms in infected hamster kid- 
ney. Expression of LipL32 was detected both in vitro (culture) 
and in vivo (leptospira-infected hamster kidney), whereas 
LipL36 expression has been reported only in vitro (2). Our 
results have also confirmed the in vivo expression of LipL32. 
However, we noted the reactivity of LipL36 rabbit polyclonal 
antibody with infected hamster kidney at a 1:50 dilution. In 
contrast, Barnett et al. have failed to detect expression of 
LipL36 in L. kirschneri serovar grippotyphosa-infected hamster 
kidney. It is possible that the level of LipL36 expression differs 




FIG. 5. Recombinant LigA protein purified by using met£il affinity chromatography and subjected to SDS-PAGE separation was probed with 
normal horse sera (lanes 1 to 4), equine lyme dLsease-ppsitive sera (lanes 5 to 9), HGE-positive sera (lanes 10 to 11), aborted mare sera (lanes 
12 to 19), and rabbit serum specific ibr a 90-kDa truncated LigA (lane 20). Each lane was loaded with -0.5 |jig of protein. 
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TABLE 1. Reactivity in ELISA of rabbit antiserum to recombinant 
LigA, sera from horses infected with B. burgdorferi (LI to L5) or 
E. equi (El and E2), normal horse sera (N l to N4), and 
aborted mare's sera (Ml to M8) in an ELISA with 
a 90-kDa truncated LigA (200 ng/well)'' 

ELISA OD at serum dilution: 
Scrum 
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U.JO 


truncated LigA 








T 1 
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0 09 




0.03 


0.02 


0.02 


L4 
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0.02 


o!o3 


L5 


0.02 


0.01 


0.01 


El 


0.05 


0.03 


0.05 


E2 


0.08 


0.05 


0.04 


Nl 


0.01 


0.01 


0.0 


N2 


0.01 


0.0 


0.0 


N3 


0.02 


0.01 


0.01 


N4 


0.03 


0.03 


0.01 


Ml 


0.39 


0.34 


0.19 


M2 


0.38 


0.35 


0.18 


M3 


0.45 


0.31 


0.2 


M4 


0.6 


0.56 


0.27 


M5 


0.28 


0.2 


0.13 


M6 


0.47 


0.56 


0.4 


M7 


0.73 


0.55 


0.4 


M8 


0.56 


0.5 


0.42 



" The ELISA OD values of sera from al)orted mares were significantly higher 
{P < 0.05) than the values for sera from normal, B. burgdorferi- and E. equi- 
infected horses. 



among serovars during in vivo conditions. The low level of 
LipL36 expression in infected hamster kidney compared to 
abundant expression in vitro may be a means of evading the 
host immune response (24). Regardless of this, these positive 
controls confirm that LigA is expressed only in vivo. In addi- 
tion, these results suggest that LigA may be a useful antigen for 
differential immunodiagnosis to distinguish animals with nat- 
ural infection from those that are vaccinated. 

A 90-kDa protein of Leptospira has been previously shown 
to cross-react with polyclonal antiserum to an equine corneal 
protein (22). Immunohistochemistry, immunoprecipitation, 
and Western blot analysis revealed no reactivity of LigA spe- 
cific antiserum with equine cornea, iris, vitreous, or lens (data 
not shown). Thus, LigA does not appear to share antigenic 
epitopes with equine ocular components and so it is clearly not 
the reactive protein (22). 

PGR amplification oiligA from genomic DNA of pathogenic 
serovars such as hardjo, icterohaemorrhagiae, grippotyphosa, 
and canicola has shown that a similar sequence is widely dis- 
tributed among the serovars of L. interrogans. However, re- 
striction analysis with HindWl showed that the ligA sequence 
had greater similarity to that of serovars pomona and grippo- 
typhosa than to serovars canicola and icterohaemorrhagiae. 
Interestingly, L interrogans serovar pomona and L. kirchneri 
serovar grippotyphosa are the .serovars most frequently re- 
sponsible for disease in the horse. 

The expression of Leptospira outer membrane proteins such 
as LipL32, LipL41, OmpLl, and LipL36 has been demon- 
strated in cultured organisms (12-15). Except for LipL36, 
these outer membrane proteins are expressed in infected ham- 




FIG. 6. Agarose gel showing PGR products and restriction analysis 
of ligA from diflferent pathogenic serovars of Leptospira. (A) PGR 
products oiligA. (B) //md III -digested PGR product of ligA. Lanes: 1, 
L. interrogans serovar pomona type kennewicki; 2, L interrogans sero- 
var pomona; 3, L interrogans serovar hardjo; 4, L. interrogans serovar 
icterohemorrhagiae; 5, L. kirchneri serovar grippotyphosa; 6, L inter- 
rogans serovar wolfii. 

sters. Interestingly, this is the first leptospiral protein that is not 
detectable in vitro (30 or 3TC) but is expressed in kidneys of 
infected hamsters. Importantly, identification of the in vivo- 
expressed LigA may lead to a better understanding of the 
molecular pathogenesis of leptospirosis and provide insights 
into the survival strategy of the organism in the host. Presum- 
ably, coordinate expression of a subset of genes during resi- 
dence in vivo .is necessary for survival and replication within 
the host. Therefore, identification of LigA that is expressed 
only in vivo may provide new insights for developing strategies 
to improve vaccination, diagnosis, and treatment protocols. 
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Twenty-two specific-pathogen-free beagles were vaccinated with recombinant OspA {ospA gene derived from 
Borrelia burgdorferi B31) alone or with adjuvant (QuilA, Montanide ISA25, or aluminum hydroxide) at 6 weeks 
of age. Thirteen dogs were used as nonvaccinated controls with or without adjuvant. Three dogs were kept as 
contact controls and received neither vaccine nor challenge. Six weeks or 6 months after the first vaccination, 
the vaccinated (20 of 22) and nonvaccinated dogs (13) were challenged by exposure to adult ticks {Ixodes 
scapularis) naturally that were infected with B, burgdorferi (tick infection rate, ^60%) and that were collected 
from Westchester County, N.Y. Protection from infection was evaluated by culture for B, burgdorferi from skin 
biopsies taken near the sites of tick bites. Skin biopsies were taken at monthly intervals for 3 months. B, 
burgdorferi was not isolated from any of the vaccinated dogs. In contrast, 12 of 13 control dogs challenged by 
exposure to the ticks were culture positive. The histopathology of the joint capsules 3 months after the 
challenge was used to evaluate protection from arthritis. Eight of 13 control dogs showed synovitis in single or 
multiple joints, while only 1 of the 22 vaccinated dogs had a single focus of mild inflammation in a single joint. 
At the time of the challenge, the vaccinated dogs had antibody to B, burgdorferi^ which was demonstrable by 
kinetic enzyme-linked immunosorbent assay, Western blotting (immunoblotting), and a serum growth inhibi- 
tion assay. The vaccinal antibody declined gradually after the challenge, especially in dogs vaccinated with 
OspA without adjuvants. Antibodies in the challenge control dogs were only detectable by 4 to 6 weeks after the 
challenge and remained at high levels until the termination of the study. Contact control dogs showed no 
antibody responses or histopathologic lesions and were culture negative. By Western blot analysis, antibodies 
to OspA first appeared in the sera of vaccinated dogs 3 weeks after the first vaccination. The absence of 
additional bands after the challenge suggests that infection in vaccinated dogs was blocked. Results from this 
study show that vaccination with recombinant OspA protected dogs against infection and disease after an 
experimental challenge with B* burgdorferi by exposure to ticks. 



Lyme disease caused by Borrelia burgdorferi and related bor- 
relias is one of the most common tick-transmitted diseases in 

the world (4, 39, 44). The spirochetes are transmitted by Ixodes 
ticks (1, 4, 9). In the United States, human Lyme disease was 
first discovered in Lyme, Conn. (45), and was subsequently 
found in dogs, horses, cattle, and cats (5, 10, 24, 29, 32, 34). 
The main clinical feature in humans is erythema migrans fol- 
lowed by joint, cardiac, or neurologic disease (44, 45). In dogs, 
the dominant clinical sign of Lyme borreliosis is acute lame- 
ness (24, 26, 29). 

Dogs may develop arthritis after natural infection, and renal 
disease (21) and cardiac and neurologic disorders have been 
claimed (for a review, see reference 26). In a previous report, 
we demonstrated that experimental infections in dogs exposed 
to B. bufgdorferi-infected adult ticks {Ixodes scapularis) resulted 
in an acute, recurrent lameness with fibrinopurulent arthritis 
(2). The dogs recovered but developed a persistent mild pol- 
yarthritis (2). 

Two preparations of B. burgdorferi (from Fort Dodge Lab- 
oratories [8, 22, 27] and Solvay Animal Health, Inc. [unpub- 
lished data]) have been commercialized for vaccination of dogs 
against Lyme disease in the United States. However, Lim et al. 
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recently reported that the vaccination of hamsters with a for- 
malin-killed bacterin induced a destructive arthritis (28). This 

suggested that one or several antigens within the spirochete 
might play a role in the induction and activation of arthritis. 
Thus, it is essential to develop a vaccine which provides pro- 
tection in dogs without the potential side effect of a bacterin. 

Several outer surface lipoproteins from B. burgdorferi have 
been evaluated for their capacities to induce protective immu- 
nity (14, 33, 37, 38, 40, 43, 46, 48). One outer surface protein 
(OspA) has been reported to induce an active and protective 
immunity in mice (14-20, 40, 42, 43) and rhesus monkeys (36). 
OspA is also immunogenic in humans (23). Two brief reports 
described the protection of dogs of OspA (3, 11). In this paper, 
we report that a recombinant OspA (rOspA) is capable of 
inducing active immunity in specific-pathogen-free dogs which 
prevents infection and disease following challenge with B. burg- 
dorferi delivered by infected ticks (2). 

MATERLVLS AND METHODS 

Dogs. Thirty-eight 6-week-old specific-pathogen-free beagles from the Baker 
Institute colony were used. The dogs were kept in P2 isolation units. They were 
fed a commercial ration and water ad libitum. All dogs were observed daily for 

clinical signs, and their daily body temperatures were recorded. Body weights 
were measured weekly. 

Ticks. Adult ticks (/. scapularis) infected with B. burgdorferi were collected by 
flagging in a forested area of Westchester County, N.Y. The ticks were main- 
tained at the Cornell Entomology Laboratoiy at 94% relative humidity at 10°C 
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TABLE 1. Isolation of B. burgdorferi from skin biopsies and tissues and histopathology of joints from dogs immunized with 100 jig of rOspA 

plus adjuvant (vaccine trial I) 



Dog 


Vaccine" 


No. of days 
from firs! 
vaccinalion 
to challenge 


1 


Isolation olB. burgdorferi from: 

Skin biopsies by mo 

posichallcnge Tissues^" 

2 3 


, Histopathology 
of joint'' 




OspA + A 


173 




— 


— 




NL 


2 


OspA + A 


173 




- 


- 




NL 


3 


OspA + A 


42 










NL 


4 


OsdA + A 


42 










NL 


5 


OspA + B 


173 


_ 








NL 


6 


OspA + B 


173 











NL 


7 


OsnA + A + B 


173 










NL 


8 


OspA + A + a 


173 


- 








NL 


9 


A + B 


173 




+ 




J, S 


NL 


10 


B 


173 




+ 


+ 


S 


NSM 


11 


A 


42 








J, M 


NL 


12 


A 


42 




+ 


+ 


J, s 


NSP 


13 




42 




+ 


+ 


J, M, Me, S 


NL 


14 




42 


+ 


+ 




J, M, S 


NSM 


15 




42 


+ 


+ 


+ 


Me, S 


NL 


16 




42 




+ 


+ 


M, Me, S 


NSM 


17^ 


OspA + A 












NL 


IS'' 


OspA + A 












NL 














NL 


2(f 














NL 



" Vaccinated dogs were inoculated with 100 ^.g of rOpsA twice with a 3-week interval with adjuvants (A, 100 jjig of QuilA; B, 100 jig of ISA25). 

* NL, not significant lesion; NSM, nonsuppurative monoarthritis; NSP, nonsuppurative polyarthritis. 

*^ Tissues positive for H. burgdorferi. J, joint capsules; M, muscle; Me, meninges: S, skin. 

*' Dogs 17 and 18 were vaccinated but unchallenged. 

" Dogs 19 and 20 were neither vaccinated nor challenged (contact control). 



for 2 months. To determine the percentage of ticks infected with B. burgdorferi, 
20 male or female ticks were ground and cultured individually in BSK-II medium 
with 8 Jig of kanamycin per ml and 50 jxg of rifampin per ml as previously 
described (2, 7, 41). The cultures were then examined over a 6-week period for 
B. burgdorferi by dark-field microscopy and by indirect immunofluorescence. 
They showed a 60 to 80% infectivity rate. 

Overexpression of rOspA. rOspA derived from B, burgdorferi B31 was over- 
expressed by a T7 promoter and purified by immobilized metal ion affinity 
chromatography as previously described (7). Purified rOspA was kept at -20''C 
until used. rOspA supplied by Connaughl Laboratories Inc.. Swiflwater, Pa., for 
vaccine trial II was prepared as described previously (13). 

Vaccination of dogs. We evaluated I he immunogcnicity and efficiency of the 
recombinant vaccine in three trials. 

(i) Vaccine trial I. Twenty 6-wcek-old male and female beagles were used in 
this study. The dogs were randomly allotted to a vaccination group (10 dogs) and 
a nonvaccinated control group (10 dogs). Each dog in the vaccinated group was 
injected intramuscularly twice with a 3-week interval with 100 jtg of rOspA in 
adjuvant. Six dogs received 100 |xg of QuilA in a 1-ml emulsion as an adjuvant 
(Accurate Chemistry and Scientific Company, Westbury, N.Y.), two dogs re- 



ceived 2.*> \i,g of Monlanide ISA25 (Seppic. Paris, France), and two dogs received 
both 100 ^,g of QuilA and 25 \y.g of Montanide ISA25. Control dogs were injected 
intramuscularly twice with the adjuvants only, two dogs were injected with 100 (ig 
of QuilA, one dog received 25 |xg of Montanide ISA25, and one dog received a 
combination of both adjuvants (100 |xg of QuiiA plus 25 jjig of Montanide 
ISA25). Four additional nonvaccinated dogs (Table 1) were challenged by ex- 
posure to ticks; two dogs without any injection or challenge were maintained as 
contact control dogs but were kept in the same unit with the infected dogs. Six 
vaccinated dugs and two control dogs were challenged 6 months after the first 
vaccination. Two vaccinated dogs and the contact control dogs were nut chal- 
lenged. All other dogs were challenged 6 to 7 weeks after the first vaccinalion 
(Table 1). 

(ii) Vaccine trial II. In order to perform a titration of the protective antigen 
dose and to compare the capacities of the adjuvants to elicit maximum protection 
for humans, sbc 6-week-old beagles were allotted to a vaccination group (four 
dogs) and a nonvaccination control group (two dogs). Each dog in the vaccine 
group was given two subcutaneous injections of 10 p.g of rOspA in 10 jig of 1% 
aluminum hydroxide (rOspA and the adjuvant were supplied by Connaught 



TABLE 2. Isolation of B. burgdorferi from skin biopsies and tissues and histopathology of joints from dogs immunized with 10 p.g of rOspA 

plus adjuvant (vaccine trial II) 



Dog 


Vaccine" 


No. of days 
from first 
vaccination to 
challenge 


Isolation of B. burgdorferi from: 
Skin biopsies by mo postchallenge 
1 . 2 3 


Tissues^ 


Histopathology 
of joint'' 


21 


OpsA + H 


42 










NL 


22 


OpsA + H 


42 










NL 


23 


OpsA + H 


42 










NL 


24 


OpsA + H 


42 










NSM 


25 


42 


+ 




+ 


J, M, P. S 


NSM 


26 




42 






+ 


J, M, P. S 


NSP 



" Vaccinated dogs were inoculated with 10 p-g of rOspA plus aluminum hydroxide (H) twice with a 3-week interval. 
*NL, not significant lesion; NSM, nonsuppurative monoarthritis; NSP, nonsuppurative polyarthritis. 
' Tissues positive for B. burgdorferi. J, joint: M, muscle; P, pericardium; S, skin. 
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TABLE 3. Isolation of B. burgdorferi from skin biopsies and tissues and histopathology of joints from dogs immunized with 100 p.g of rOspA 

without adjuvant (vaccine trial III) 



Dog 


Vaccine* 


No. of days 
from first 
vaccinalion to 


Isolation of B. burgdorferi from: 
Skin biopsies by mo postchallenge 
1 2 3 


Tissues!^ 


Histopathology 
nf inint* 


27 


OspA 


49 










NL 


28 


OspA 


49 










NL 


29 


OspA 


49 










NL 


30 


OspA 


49 










NL 


31 


OspA 


49 










NL 


32 


OspA 


49 










NL 


33 


OspA 


49 










NL 


34 


OspA 


49 










NL 


35 




49 




+ 


+ 


M, S 


NL 


36 




49 


+ 


+ 


+ 


J. M. S 


NSM 


37 




49 


+ 


+ 


+ 


J, M, S * 


NSM 


38^^ 














NL 



" Vaccinated dogs were inoculated twice with 100 |xg of rOspA with a 3-week interval. 

NL, not significant lesion; NSM, nonsuppurative monoarthritis. 
^ Tissues positive for B. burgdorferi. J, joints; M, muscle; S, skin. 

Dog 38 was neither vaccinated nor challenged (contact control). 



LaboraloriesJ with a 3-week interval. The two control dogs were not inoculated. 
All dogs were challenged by exposure to ticks (Table 2). 

(Hi) Vaccine trial IIL Twelve 6-week-old beagles were u.sed. Each of eight dogs 
in the vaccine group was injected intramuscularly twice with a 3-week interval 
with 1 ml of 100 \xg of rOspA without adjuvant. Four dogs were kept as non- 
vaccinated controls. All eight dogs in the vaccinated group and three of four dogs 
in the nonvaccinated group were challenged by exposure to ticks. One nonvac- 
cinalion dog was kept as a contact control (Table 3). 

Challenge infection of dogs after vaccination. The challenge infection of the 
dogs was made by placing 15 female and 7 male adult licks (/. scapularis) onto the 
clipped side of a dog as previously reported (2). The infectivity rate of the ticks 
was ^60%. The licks were allowed to feed and engorge for 6 days, when at least 
50% of the female ticks were fully engorged. 

Collection of .scrum and tissue samples. Scrum samples were obtained from 
each dog at the time of the first and second vaccinations, at the challenge, and 
at 2-week intervals for 3 months thereafter. Tlie .sera were tested by West- 
ern blotting (immunoblotting), kinetic enzyme-linked immuno.sorbent as.says 
(KELA), and B. burgdorferi growth inhibition assays. After the dogs were ex- 
posed to the ticks, they had skin biopsies taken at monthly intervals for the 
isolation of spirochetes. Three months after the challenge, all dogs were eutha- 
nized and tissues were removed for the culture olB. burgdorferi and for histopa- 
thology. 

Isolation of B, burgdorferi. To test for protection from infection, attempts to 
isolate R. burgdorferi from skin biopsies and from various tissues were made. 
Samples from skin punch biopsies (diameter, 4 mm) collected at monthly inter- 
vals after exposure to the ticks and pieces of tissue (approximately 0.2 to 1 gm) 
from necropsy were homogenized in 3 ml of BSK-II medium in a tissue homog- 
enizcr (.stomacher; Tckmar, Cincinnati, Ohio) and then transferred to 27 ml of 
prewarmed BSK-II medium. At necropsy, the following tissues were removed 
aseptically for culture: four limb muscles, six joint capsules (right and left .stifle, 
elbow, and shoulder joints), the pericardium, the peritoneum, lymph node.s, and 
meninges (dura mater). The cultures were checked weekly for up to 6 weeks for 
the presence of B. burgdorferi by dark-field examination and by the indirect 
fluorescence assay. 

Serology: KELA, immunoblots, and growth inhibition tests. The KELA for 
measuring the levels of serum antibody to R. burgdorferi was described previously 
(2, 41). Each unit of slope was designated as a KELA unit. Western blot con- 
firmation of sera indicated that the cutoff separating negative from positive sera 
was 100 KELA units (2, 41). Briefly, diluted scrum was added to duplicate wells 
in microtiter plates containing antigens of French-pressed ZJ. burgdorferi lysate. 
Bound antibody was detected by using second antibodies of a goat anti-canine 
antibody of he.ivy- and light-chain specificity conjugated to hor.seradish peroxi- 
da.se (Cappel Research Produces, Durham, N.C.). Color development with the 
chromogen letramethylbenzidine with H2O2 as a substrate was measured kinct- 
ically and expressed as the slope of the reaction rate between the enzyme and the 
substrate solution. 

Tlie procedure for the Western blot analy.sis was previou.sly described (2, 7). 
French-pressed B. burgdorferi lysate was used as an antigen and was subjected to 
.sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (7). 
Western blot analy.sis was performed in a miniblotter (2). Test sera from exper- 
imental animals were used as a first antibody, and goat anti-dog immunoglobulin 
G conjugated to horseradish peroxidase was used as a second antibody. 



Tlie growth inhibition assay was done as described elsewhere (6. 39, 47). 
Briefly, serial dilutions of serum in microtitration plates were incubated with 10^ 
live B. burgdorferi per ml in BSK-II medium for 30 min, and guinea pig comple- 
ment was then added. The microtitration plates were sealed and incubated at 
34''C for 4 to 6 days. Bacterial growth was measured as a function of the pH, 
which was indicated by a color change from red to yellow and which was deter- 
mined with a microplate reader set at 570 nm. 

Gross pathology and histopathology. All vaccinated and nonvaccinated dogs 
were euthanized approximately 3 months after exposure to the ticks and were 
examined for gross and histopathologic lesions to document protection from 
disease. The following tissues were fixed in 10% neutral formalin: joint capsules 
(elbow, shoulder, stifle, and tarsus) and lymph nodes. Tissues were embedded in 
paraffin wax. sectioned, and stained by conventional methods for histopathologic 
evaluation. 

Statistical analysis. 'Hie protective effect of the vaccine again.st the develop- 
ment of infection and disease while controlling for difi"erent times of challenge 
was evaluated by logistic regression analysis with BMDP stati.stical .software 
(BMDP Statistical Software Inc., Los Angeles, Calif.). The analysis was per- 
formed for each adjuvant separately. To evaluate the effect of using the alumi- 
num hydroxide adjuvant, Fisher's exact test was used. 

RESULTS 

Clinical signs. None of the vaccinated dogs showed any 
clinical signs (lameness, anorexia, or depression) or elevated 
body temperature following vaccination or challenge by expo- 
sure to the ticks. Local reactions to adjuvant inoculation were 
mild swelling and reddening, which disappeared by 3 days after 
inoculation. Among the nonvaccinated control dogs, only one 
dog (dog 36) became lame for a 4-day period 3 months after 
the challenge. Thirteen nonvaccinated control dogs had spo- 
radic elevated body temperatures for 1 or 2 days. In contrast to 
the vaccinated dogs, nonvaccinated control dogs were fre- 
quently reluctant to get up and appeared depressed. Anorexia 
and loss in body weight were not seen in any of the dogs. 
Clinical signs and temperature elevation were not found in the 
three contact control dogs and in the two vaccinated dogs that 
were not challenged. 

Lsolation of B, burgdorferi. B. burgdorferi was not isolated 
from any of the skin biopsies taken from the vaccinated dogs 
at monthly intervals after the challenge or from the skeletal 
muscles, joint capsules, pericardium and peritonium samples, 
lymph nodes, and meninges collected at necropsy. Twelve of 13 
dogs in the nonvaccinated, challenged control group were cul- 
ture positive (Tables 1 to 3). The skin and tissue samples from 
the two dogs vaccinated with 100 fxg of rOspA plus 100 [Lg of 
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QuilA that were/not challenged and from nonvaccinated con- 
tact control dogs were all culture negative (Table 1 and 3). 
There was a significant difference between the vaccinated and 
nonvaccinated groups with regard to the development of chal- 
lenge infections {P < 0.05). There was no significant difference 
among dogs of the vaccinated group with respect to the inter- 
vals between vaccination and challenge or to the different 
adjuvants (P > 0.05). 

Serology. At the time of the challenge, all vaccinated dogs 
had antibody to B. burgdorferi as determined by KELA, with 
antibody levels of between 300 to 600 KELA units which grad- 
ually declined after the challenge (Fig. 1). Antibody levels in 
dogs vaccinated with rOspA without adjuvant declined more 
rapidly compared with those in dogs vaccinated with rOspA 
with adjuvants (Fig. 1). Antibodies (as determined by KELA) 
in the nonvaccinated, challenged control dogs were detectable 
by 4 to 6 weeks after challenge (Fig. 1). Western blot analysis 
showed OspA antibody in the 32-kDa region 3 weeks after the 
first vaccination. Bands became denser after the second vacci- 
nation. Bands also appeared in the 20-kDa and 62-kDa re- 
gions. Additional bands were not seen after the challenge with 
the ticics. In contrast, multiple bands were seen for the non- 
vaccinated control dogs by 4 to 6 weeks after exposure to the 
infected ticks (Fig. 2). The B. burgdorferi growth inhibition 
assay with sera from the vaccinated dogs showed titers of 1:40 
to 1:2,560 at the time of the challenge, with no statistically 
significant difference among the formulations of the vaccine 
with different adjuvants {P > 0.05). However, like the levels of 
antibodies determined by KELA, those determined by the 
growth inhibition assay declined more rapidly in dogs that were 
vaccinated with rOspA without adjuvant (data not shown). 
Sixty days after the second vaccination, antibody titers by the 
growth inhibition assay had declined to levels of <1:40 in dogs 
that had received 100 |xg of rOspA without adjuvant. In con- 
trast, dogs that received 100 |xg of rOspA together with QuilA 
or ISA25 had antibody titers of > 1:160 by 6 months after the 
first vaccination. Three of 4 dogs vaccinated with 10 |xg of 
rOspA plus aluminum hydroxide had antibody titers of >1:160 
by 4 months after the second vaccination. Sera from the con- 
trol dogs did not show growth inhibition before the challenge 
(Fig. 3). The contact control dogs did not develop titers by 
either KELA or the growth inhibition assay (data not shown). 

Histopathology. Histopathologic examinations were per- 
formed on joint tissues from the elbow, shoulder, stifle, and 
tarsal joints (eight specimens per dog). Of 13 nonvaccinated 
control dogs challenged by exposure to ticks, 8 showed a non- 
suppurative synovitis characterized by a perivascular- to-diffuse 
infiltrate with plasma ceils and lymphocytes (Fig. 4). This in- 
filtrate was commonly seen close to the synovial surface but 
sometimes was deeper in the joint capsule. In affected joints, 
multiple foci of these mononuclear cells were seen; a few dogs 
showed inflammation in more than one joint (polyarthritis). 
With the exception of one focal joint lesion in one dog (dog 24) 
(Table 2), no histopathologic joint lesions were found in the 
vaccinated dogs. The two dogs that were given only rOspA 
(dogs 17 and 18) (Table 1) but that were not challenged 
showed no joint lesions. Lymph nodes, especially the axillary or 
prescapular, were moderately to markedly increased in size on 
the side of the dog where the challenge with the ticks had 
occurred. There was mild follicular and parafollicular hyper- 
plasia in the vaccinated dogs. The two vaccinated but unchal- 
lenged dogs (dogs 17 and 18) also showed a mild follicular and 
parafollicular hyperplasia. The follicular and parafollicular hy- 
perplasia was more pronounced in nonvaccinated dogs. Large 
follicles were often formed within both the cortex and medulla 
of the lymph node. In this study, all combinations of rOspA (10 
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FIG. 1. Antibody levels in vaccinated and unvaccinated dogs as determined 
by KELA. The line at 100 KELA units represents the cutoff between positive and 
negative sera. Open symbols indicate vaccinated dogs, and solid symbols indicate 
nonvaccinated dogs. (A) Vaccinated dogs were inoculated twice with 100 jtg of 
rOspA plus adjuvants intramuscularly with a 3-week interval and were chal- 
lenged with B. hiir^dorferi'mfected ticka 6 months later. (B) Vaccinated dogs 
were inoculated twice with 10 p.g of rOspA plus adjuvant sulicutaneously witli a 
3-week interval and were challenged with B. hurgdurferi-'mi^cXtd ticks at 42 days 
after the first vaccination. (C) Vaccinated dogs were inoculated twice with lOf) jig 
of rOspA without adjuvants intramuscularly with a 3-week inter/al and were 
challenged with B. hurgdorferiAnfecttd ticks at 49 days after the first vaccination. 
All unv^^ccinated dogs in each group were kept with vaccinated dogs and were 
challenged al the same time. Vaccination (Vac) and challenge (Chal) times are 
indicated by arrows. 
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FIG. 2. Western blot analysis of the antibody response of a dog (dog 4) 
vaccinated with 100 jig of rOspA and QuilA (lanes 1 to 7; see also Table 1) and 
of an unvaccinated dog (dog 14) (lanes 8 to 14; sec also Tabic 1). Lane 1, 
preimmune serum; lane 2, 3 weeks after the first vaccination; lane 3, 6 weeks 
after the first vaccination (at the time of the challenge with the ticks); lane 4, 10 
weeks after the first vaccination; lane 5, 13 weeks after the fir.st vaccination; lane 
6, 16 weeks after the first vaccination; lane 7, 20 weeks after the first vaccination. 
Lanes 8 to 14 correspond to lanes 1 to 7 but are for unvaccinated dog 14. The 
molecular weight marker lane is at the center of the figure, between lanes 7 and 
8. The biotinylated SDS-PAGE standard broad-range molecular markers (Bio- 
Rad Laboratories, Richmond, Cahf.) were used. The numbers at the right indi- 
cate molecular weights. 



or 100 jxg) plus various adjuvants (QuilA, ISA25, and alumi- 
num hydroxide) provided protection from infection and dis- 
ease. 

DISCUSSION 

Our criterion for the protection of dogs from infection was 
the failure to isolate live B. burgdorferi from monthly skin 
biopsies after the challenge with ticks and from a variety of 
tissues taken by necropsy at 3 months after the exposure. We 
did not use PCR to detect 5. burgdorferi DNA, because positive 
results would not differentiate between viable and nonviable 
organisms. Except for one dog in trial I (dog 11) (Table 1), B. 
burgdorferi was isolated from skin biopsies or other tissues 
from all nonvaccinated control dogs challenged by the expo- 
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FIG. 3. Antibody titers from the vaccinated and unvaccinated dogs of vaccine 
trial II as determined by the growth inhibition assay. Open symbols indicate 
vaccinated dogs, and solid symbols indicate nonvaccinated dogs. Sera were from 
the same group of dogs as that reported on in Fig. IB. Vaccination (Vac) and 
challenge (Chal) times are indicated by arrows. 



sure to ticks. In contrast, attempts to isolate the organism were 
negative for all vaccinated dogs (Tables 1 to 3). 

In our earlier studies of canine Lyme disease (2), we found 
that clinical signs of lameness with joint swelling and stiffness 
were seen when puppies at 6 weeks of age were exposed to 
infected ticks. We have seen lameness or other clinical signs in 
only about 5% of control dogs challenged when 12 weeks of 
age or older (2). That percentage corresponds with the inci- 
dence of Lyme disease in dogs in the field (25). Accordingly, 
one of our criteria for protection from the disease was the 
presence or absence of histopathologic changes in joint tissues 
at 3 months after the challenge. Mono- or polyarthritis was 
found in 8 of 13 nonvaccinated control dogs exposed to in- 
fected ticks. In contrast, except for one lesion in one joint of 
one dog (dog 24) (Table 2), vaccinated dogs were free of joint 
lesions. Whether the single lesion was caused by the vaccina- 
tion, the challenge, or other undefined causes remains un- 
known. Nevertheless, the possibility of OspA-induced joint 
lesions cannot be ruled out. It seems unlikely that this single 
focal lesion was caused by B. burgdorferi, as all tissues cultured 
from vaccinated dogs were negative. The lymph nodes from 
vaccinated, unchallenged dogs (dogs 17 and 18) (Table 1) also 
showed a mild follicular and parafollicular hyperplasia. 
Whether the mild-to-moderate hyperplasia observed in vacci- 
nated dogs reflected a response to the rOspA, the adjuvant, or 
both elements is unknown. We speculated that the adjuvant is 
the more likely inciting factor. 

High antibody levels in vaccinated dogs prior to the chal- 
lenge, as determined by KELA, apparently correlated with 
protection against the challenge (Fig. 1). However, the anti- 
bodies in vaccinated dogs reflected antibody to the 32-kDa 
OspA, which is not present in the dogs after the exposure to 
the ticks (2). Western blots had reliable markers associated 
with protection. In all vaccinated dogs, Western blots ex- 
pressed a wide band in the 32-kDa OspA region. Additionally, 
we saw weaker bands in the 20-kDa region that might indicate 
breakdown products of OspA. We also saw bands in the 60- 
kDa region which may reflect antibody responses to a dimer or 
polymer of OspA. The Western blot pattern for vaccinated 
dogs did not change after the challenge, suggesting that chal- 
lenge infections did not become established in these vaccinated 
dogs. The 32-kDa bands waned with time (Fig. 2, lanes 4 to 7), 
suggesting that a drop in vaccinal antibody levels occurred as a 
function of time. 

A correlation between serum growth inhibition of B. burg- 
dorferi and protection from infection was found. By the growth 
inhibition assay, all the vaccinated dogs had high antibody 
titers after vaccination (Fig. 3) that gradually declined after the 
challenge with the ticks. It is possible that antibodies neutral- 
ized B. burgdorferi in the tick gut and prevented migration to 
the salivary gland and into the host as reported previously (17). 
We have not attempted to isolate B. burgdorferi from ticks after 
their engorgement on vaccinated dogs. Following the chal- 
lenge, the nonvaccinated dogs lacked antibodies to B. burgdor- 
feri as determined by the growth inhibition assay, even though 
they showed high antibody titers by KELA (Fig. 1). Western 
blot analysis also showed a strong antibody response to the B. 
burgdorferi antigens (Fig. 2, lanes 12 and 13). However, no 
significant anti-OspA antibodies can be detected with these 
sera (47). This indicated that the anti-OspA antibodies are a 
critical factor in the inhibition of B. burgdorferi growth. 

The use of adjuvant is important in combination with rOspA. 
Although dogs vaccinated with rOspA without adjuvant were 
protected when challenged 4 weeks after the last vaccination 
(dogs 27 to 34) (Table 3), antibodies (by both assays) declined 
rapidly within 2 months of the challenge. In contrast, dogs 
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FIG. 4. Histologic appearance of synovial membranes from vaccinated and nonvaccinated dogs exposed to B. hurf^dorferi-infected ticks. (A) Dog 21. In this 
vaccinated dog, the synovial membrane is normal. The surface is slightly undulating with occasional folds. Hematoxylin-eosin stain was used. Magnificalion. X25U. (B) 
Dog 16. In this nonvaccinated control dog, there is synovial indammalion. The synoviocytes have proliferated into papillae (arrows), and a mononuclear cell inlillration 
is seen below the synovial surface. Hematuxylin-eusin slain was used. Magnification, x250. 



vaccinated with rOspA plus QuilA and/or ISA25 were pro- 
tected from infection when they were challenged 6 months 
after the vaccination. Antibodies in these dogs remained high 
by both assays. Our data confirm the results reported by Ma et 
al. (31). 

The heterogeneity of the OspA proteins in different Borrelia 
species has been reported mainly in Europe and Asia (4, 12, 35, 
49). This aspect has to be considered with regard to immuni- 
zation against Lyme disease. With few exceptions, one sero- 
type seems to prevail in the United States (4, 12, 35). We, 
therefore, have not addressed the question of heterogeneity in 
our vaccine trial. However, as more data on B. burgdorferi 
serotype diversity in the United States are accumulating, this 
problem may have to be addressed (30). 

The OspA subunit vaccine is a good candidate vaccine for 
dogs and is currently being tested for safety and immunoge- 
nicity in humans (23). The dog has proved to be a good model 
for human Lyme arthritis (2). A vaccine study in dogs, there- 
fore, would also be valuable in the evaluation of human Lyme 
vaccines. Active and passive protection of mice by OspA 
against infection with 5. burgdorferi when challenged by needle 
inoculation or exposure to ticks has been reported (14-20, 38, 
40, 43). Our data show that dogs can also be protected by 
rOspA vaccination. 

In summary, a rOspA subunit vaccine protected dogs against 
B, burgdorferi infection and disease. Further studies of the 
duration of protection after vaccination, safety, and cross pro- 
tection against the possible heterogeneous OspA structures 



that may be found among new B. burgdorferi strains isolated in 
the United States are needed (30). 
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